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Description 

The  present  invention  relates  generally  to  regulated  power  supplies  and  particularly  to  such  supplies 
for  analog  to  digital  converters  using  recirculation  of  the  remainder  systems  of  the  type  disclosed  in 

5  US—  A—  3,703,002  granted  to  Richard  Van  Saun  on  November  14,  1972. 
In  the  past,  analog  to  digital  converters  using  recirculation  of  the  remainder  systems  were  difficult  and 

expensive  to  build  as  production  devices.  The  converters  required  many  components  and  because  of  this 
the  tolerance  variations  in  the  components  caused  accurate  systems  to  be  extremely  expensive.  Various 
components  would  have  to  be  matched  to  reduce  the  effect  of  tolerance  build-up  and  components  which 

10  could  not  be  matched  would  have  to  be  manually  adjusted  by  skilled  technicians.  Other  components  were 
required  which  were  very  accurate  and  had  minimal  tolerance  variations  from  component  to  component. 
All  of  these  factors  contributed  to  a  very  expensive  analog  to  digital  converter. 

It  was  found  that  the  previous  methods  of  avoiding  common  mode  rejection  errors  were  insufficient  to 
obtain  high  accuracies  at  low  cost.  When  integrating  the  amplifiers,  the  theoretical  common  mode  rejection 

15  ratio  of  120  db  was  found  not  to  be  obtainable  with  conventional  CMOS  integrated  circuit  technology.  V  
Although  computer  analysis  and  simulations  indicated  the  feasibility  of  amplifiers  with  110  db  common  '" 
mode  rejection  ratio,  in  production,  even  in  closely  monitored  production  manufacturing  situations,  it  was 
not  possible  to  repeatedly  obtain  even  acceptable  yields  of  devices  with  such  common  mode  rejection  s, 
ratios.  * 

20  This  invention  is  concerned  with  the  provision  of  supply  voltages  to  an  amplifier  forming  part,  for 
example,  of  an  analog  to  digital  converter,  in  such  a  manner  as  to  eliminate  a  common  mode  signal  from 
the  amplifier. 

It  is  one  object  of  the  present  invention  to  provide  a  bootstrap  power  supply  which  tracks  the  input  to 
say,  an  analog  to  digital  converter,  to  allow  the  use  of  lower  grade  components  than  previously  believed 

25  possible  while  obtaining  the  same  accuracy  as  in  previous  systems. 
It  is  an  object  of  one  form  of  the  present  invention  to  provide  a  bootstrap  power  supply  which  limits  the 

power  supply  to  an  analog  to  digital  converter  when  its  output  exceeds  a  predetermined  range. 
It  is  a  further  object  of  one  form  of  the  present  invention  to  provide  a  bootstrap  power  supply  which 

follows  the  input  to  the  analog  to  digital  converter  so  the  converter  never  sees  a  common  mode  input 
signal  while  preventing  the  output  from  exceeding  a  predetermined  range  so  that  the  converter  may 
recover  more  quickly  after  it  has  been  overloaded. 

The  above  objects  are  achieved  in  a  circuit  connectable  to  first  (+V)  and  second  (-V)  voltage  sources 
for  supplying  to  a  first  amplifier  means  first  and  second  regulated  supply  voltages,  comprising  first  and 
second  transistor  means  connected  in  series  between  said  first  (+V)  and  second  (-V)  voltage  sources  and 
having  outputs  supplying  respectively  said  first  and  second  regulated  supply  voltages;  first  and  second 

.  voltage  regulator  devices  connected  in  series  between  said  voltage  sources  (+V,  -V),  said  regulator 
devices  having  a  substantially  constant  voltage  drop  as  a  function  of  at  least  a  threshold  current  flowing 
therethrough,  outputs  of  said  voltage  regulator  devices  controlling  respectively  said  first  and  second 

M  transistor  means;  a  second  amplifier  means  for  controlling  an  input  of  said  first  and  second  regulator 
devices;  first  means  for  applying  an  input  signal  to  non-inverting  inputs  of  said  first  and  second  amplifier 
means;  and  second  means  for  applying  an  output  of  said  first  amplifier  means  to  an  inverting  input  of  said 
second  amplifier  means;  whereby  the  supply  voltages  track  input  signals  applied  to  said  first  amplifier 
means  to  eliminate  a  common  mode  signal  from  the  output  of  said  first  amplifier  means. 

45  Referring  to  the  prior  art,  US  —  A—  4  207  475  discloses  a  bipolar  regulated  power  supply,  with  two 
transistors  connected  in  a  complementary  symmetry  circuit.  One  transistor  controls  current  from  a  positive 
current  source  and  the  other  controls  current  from  a  negative  current  source.  One  transistor  connected  in  a 
first  control  loop  is  controlled  by  a  source  of  input  signals  and  feedback  from  the  output  terminal.  A  second  'f> 
control  loop  maintains  a  constant  quiescent  current  in  the  transistors.  This  US  citation  fails  to  describe, 

so  however,  either  the  first  and  second  voltage  regulator  devices  or  voltage  sources  for  supplying  first  and 
second  regulated  voltages  to  a  first  amplifier  whereby  the  supply  voltages  track  input  signals  applied  to  the  % 
amplifier  to  eliminate  a  common  mode  signal  from  the  output  of  the  amplifier,  as  required  by  the  present 
invention.  When  the  US  citation  states  that  the  input  circuit  to  amplifier  23  is  unaffected  by  a  common 
mode  voltage,  this  is  not  accomplished  by  controlling  a  power  supply  voltage  to  an  amplifer  (the  reference 

55  mentioned  are  those  of  said  US  citation). 
US  —  A  —  3  703  002  discloses  an  A/D  converter  including  transistors  Q4  and  Q5  which  are  used  as 

comparators  which  turn  on  when  the  output  of  amplifier  A1  swings  sufficiently  positive  or  negative  as 
determined  by  the  voltage  at  their  respective  bases.  When  Q5  conducts,  current  controlled  oscillator  22 
outputs  pulses  which  are  counted  by  counter  24.  Conversely,  when  Q4  turns  on,  its  collector  current  is  fed 

so  back  to  the  input  of  amplifier  A1,  thus  preventing  the  amplifier  from  going  into  saturation.  Q1  and  Q2  are 
output  transistors  for  the  amplifier  where  the  output  charges  capacitors  38  and  40  and  supplies  feedback 
current  to  the  summing  junction  through  resistor  32  (the  references  mentioned  are  those  of  said  US 
citation).  While  this  US  citation  described  an  input  amplifier  arrangement  for  eliminating  common  mode 
rejection  errors,  the  reference  fails  to  describe  a  power  supply  used  in  combination  with  a  first  amplifier  to 

63  eliminate  a  common  mode  output  therefrom  by  regulating  the  supply  voltage  inputs  to  that  amplifier  using 
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a  second  amplifier  for  controlling  an  input  to  voltage  regulator  devices  where  an  output  of  the  first 
amplifier  is  applied  to  an  input  of  second  amplifier.  As  required  by  the  present  invention. 

GB—  A—  1  199  665  discloses  indeed  part  of  the  subject  matter  claimed  by  the  present  application. 
However,  this  citation  fails  to  show  "second  amplifier  means  for  controlling  an  input  of  said  regulator 

5  devices",  as  required  by  the  presentation  invention",  which  is  considered  as  a  fair  acknowledgement  of 
said  GB  patent. 

The  invention  will  now  be  described,  by  way  of  example,  with  reference  to  the  accompanying  drawings 
in  which:  — 

Fig.  1  is  a  schematic  illustration,  partially  in  block  diagram  form,  of  the  preferred  embodiment; 
10  Fig.  2  is  a  schematic  illustration,  partially  in  block  diagram  form,  of  a  portion  of  the  remainder  of  the 

preferred  embodiment  of  the  present  invention; 
Fig.  3  is  a  portion  of  a  flow  chart  of  the  control  program  of  the  present  invention; 
Fig.  4  is  a  remainder  of  the  flow  chart  of  the  control  program  of  the  present  invention; 
Fig.  5  is  a  subroutine  used  in  the  flow  charts  shown  in  Figs.  3  and  4; 

is  Fig.  6  is  a  portion  of  the  timing  diagram  of  the  signals  which  control  the  present  invention;  and 
Fig.  7  is  the  remainder  of  the  timing  diagram  of  the  signals  which  control  the  present  invention. 
Referring  now  to  Fig.  1  for  an  overview,  therein  is  shown  a  conventional,  commercially  available 

sample  and  hold  circuit  9  for  inputting  analog  signals  at  controlled  intervals.  The  sample  and  hold  circuit  9 
is  connected  to  A/D  converter  circuitry  as  also  is  D/A  converter  circuitry  10.  The  A/D  converter  circuitry  12  is 

20  powered  from  a  bootstrap  power  supply  14.  The  D/A  and  A/D  converter  circuitry  are  controlled  by  control 
logic  circuitry  16  directed  by  a  conventional,  commercially  available  microprocessor  15  which  is  connected 
to  calibration  memory  17.  The  D/A  converter  circuitry  10  uses  reference  voltages,  or  potentials,  from 
precision  voltage  reference  circuitry  18. 

The  D/A  converter  circuitry  10  includes  a  D/A  amplifier  11  with  a  ladder  resistor  network  13.  The  ladder 
25  resistor  network  13  is  made  up  of  a  plurality  of  ladder  resistors,  seven  in  the  preferred  embodiment, 

designated  serially  by  the  numbers  19  through  25.  Each  of  the  resistors  has  a  value  which  is  a  multiple  of 
the  preceding  resistor  to  make  the  resistors  binary  weighted.  The  ladder  resistor  network  13  at  one  end,  is 
connected  to  the  negative  or  inverting  input  of  the  D/A  amplifier  11. 

The  other  end  of  each  of  the  ladder  resistors  in  the  network  is  connected  to  a  pair  of  digital  controlled 
30  ladder  switches  which  are  respectively,  individually,  designated  by  the  numerals  26  through  37.  The  ladder 

resistors  25  is  connected  to  the  positive  voltage  node  118  of  the  reference  circuitry  18  to  provide  a 
permanent  offset  to  the  potential  at  the  inverting  input  of  the  D/A  amplifier  11.  Of  each  pair  of  ladder 
switches,  the  odd  numerals  27,  29,  31  ,  33,  35  and  37  are  connected  to  the  negative  voltage  node  1  1  2  of  the 
reference  circuitry  18  while  the  even  numeral  switches  26,  28,  30,  32,  34  and  36  are  connected  to  an  analog 

35  common  ground  designated  by  the  numeral  8.  Disposed  across  the  D/A  amplifier  11  is  a  D/A  gain  setting 
resistor  38. 

The  output  of  the  D/A  amplifier  1  1  is  connected  to  the  A/D  converter  circuitry  12  and  in  particular  has  an 
operative  connection  to  an  A/D  amplifier  40.  The  A/D  comparator/amplifier  40  is  bridged  by  an  A/D  gain 
setting  resistor  44  connected  through  a  "store  1  or  store  2"  switch  48  to  output  node  45.  The  A/D  gain 

40  setting  resistor  44  is  connected  at  one  end  to  an  A/D  input  resistor  42,  which  is  connected  at  its  other  end  to 
the  D/A  amplifier  1  1  and  to  an  autozero  (AZ)  storage  capacitor  46  at  the  same  end.  The  AZ  storage  capacitor 
46  is  further  connected  to  the  negative  input  of  the  A/D  comparator/amplifier  40. 

The  negative  input  of  the  A/D  comparator/amplifier  40  and  the  output  of  the  A/D  comparator/amplifier 
40  is  further  bridged  by  a  digitally  controlled  AZ  switch  47  which  is  one  of  a  group  of  switches  which  may 

45  be  described  as  Amplifier  control  switches.  A  digitally  controlled  "compare"  switch  50  is  connected  to  the 
junction  between  the  store  1  or  store  2  switch  48  and  the  A/D  gain  setting  resistor  44  and  connects  the 
junction  to  the  analog  common  8  in  its  conductive  condition. 

The  positive  input  of  the  A/D  comparator/amplifier  40  is  connected  to  a  digitally  controlled  "AZ"  switch 
49.  Bridging  the  positive  input  and  the  output  of  the  A/D  comparator/amplifier  40  are  two  pairs  of  digitally 

50  controlled  switches,  "store  1"  switch  52  and  "store  3"  switch  54  in  parallel  with  "store  2"  switch  53  and 
"store  4"  switch  55.  Connected  between  store  1  switch  52  and  store  3  switch  54  is  a  "A  storage"  capacitor 
58  which  is  connected  to  the  analog  common  8.  Between  the  store  2  switch  53  and  the  store  4  switch  55  is  a 
connection  to  a  "B  storage"  capacitor  60  which  is  further  connected  to  the  analog  ground  8. 

The  main  analog  input  over  the  lead  64  is  connected  to  the  sample  and  hold  circuit  9  and  then  via  a 
55  digitally  controlled  "input"  switch  62  to  the  positive  input  of  the  A/D  comparator/amplifier  40. 

The  boostrap  (BS)  power  supply  14  is  connected  to  the  A/D  converter  circuitry  12  and  includes  a  "BS 
follower"  amplifier  66  which  is  bridged  across  its  negative  input  and  output  by  a  BS  follower  resistor  68. 
The  negative  input  of  the  BS  follower  amplifier  is  connected  by  a  BS  input  limit  resistor  70  and  a  pair  of 
opposed  limiting  zener  diodes  72  and  73  to  the  output  of  the  A/D  amplifier  40.  The  positive  input  of  the  BS 

60  follower  amplifier  66  is  connected  to  the  positive  input  of  the  A/D  comparator/amplifier  40  and  the  input 
switch  62,  store  3  switch  54,  store  4  switch  55  and  AUTOZERO  switch  49. 

The  output  of  the  BS  follower  amplifier  66  is  connected  between  two  supply  setting  zener  diodes  76 
and  78  which  at  their  opposite  extremities  are  connected  to  plus  and  minus  bias  resistors  80  and  82, 
respectively.  The  extreme  ends  of  the  bias  setting  resistors  80  and  82  are  respectively  connected  to  positive 

65  and  negative  source  potentials.  The  junctions  between  the  supply  setting  zener  diodes  76  and  78  and  the 
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plus  and  minus  bias  resistors  80  and  82  are  respectively  connected  to  the  bases  of  "supply  follower" 
transistors  84  and  86,  respectively.  The  supply  followers  84  and  86  are  disposed  between  the  plus  and 
minus  source  potentials.  Disposed  between  the  supply  follower  transistors  84  and  86  is  a  capacitor  87.  The 
supply  follower  transistor  proximate  leads  88  and  91  are  connected  as  the  power  supply  of  the  A/D 

5  comparator/amplifier  40. 
Referring  now  to  the  precision  voltage  reference  circuitry  18,  therein  is  shown  a  positive  temperature 

coefficient  zener  diode  92  with  a  settable,  opposing  temperature  coefficient  emitter  base  junction  transistor 
94.  The  transistor  and  zener  are  packaged  in  a  single  isothermal  package  generally  designated  as  reference 
amplifier  90.  The  reference  amplifier  90  has  connected  thereto  a  collector  resistor  96.  Zener  current/source 

10  resistor  100  is  connected  from  node  1  18  to  the  cathode  of  zener  node  90  and  second  zener  current/source 
resistor  98  is  connected  between  node  112  and  the  cathode  of  zener  92. 

The  collector  and  the  base  of  the  transistor  94  is  bridged  by  a  capacitor  101  and  the  base  of  the 
transistor  94  is  further  connected  to  a  resistor  102.  The  resistor  102  is  connected  by  a  node  103  to  a  resistor 
network  made  up  of  resistors  104  and  105.  The  resistor  104  connects  the  resistor  102  to  analog  common  8, 

15  and  to  the  positive  input  of  operational  amplifier  106  and  the  resistor  105  connects  the  resistor  102  to  a 
node  107  which  is  connected  to  the  diode  92  and  to  the  emitter  distant  end  of  the  second  emitter  resistor  98. 

The  operational  amplifier  106  has  its  negative  input  connected  between  the  reference  amplifier  90  and 
the  collector  resistor  96.  The  output  of  the  operational  amplifier  106  is  connected  to  a  diode  108.  The  diode 
108  in  turn  is  connected  to  the  regulated  negative  voltage  source  by  a  resistor  110  and  to  the  negative 

20  voltage  reference  output  node  112. 
The  negative  output  node  112  is  further  connected  to  a  resistor  1  14  which  is  connected  in  turn  to  the 

negative  input  of  an  operational  amplifier  116.  The  positive  input  of  the  operational  amplifier  116  is 
connected  to  the  ground  8  and  the  output  is  connected  to  the  positive  voltage  reference  output  node  118. 
The  output  node  118  is  further  connected  by  a  gain  setting  resistor  120  to  the  negative  input  of  the 

25  operational  amplifier  116. 
The  negative  output  node  112,  outside  the  precision  voltage  reference  circuitry  18,  is  connected  by  lead 

122  to  the  switches  35  and  37;  by  the  lead  124  to  the  switches  31  and  33;  by  the  lead  126  to  the  switch  29; 
and  by  the  lead  128  to  the  switch  27. 

The  initial  phase  of  operation  includes  a  calibration  phase  which  will  be  described  later  because  it  is 
30  easier  to  understand  after  the  operation  of  the  remainder  of  the  system  is  understood. 

The  second  phase  of  operation  is  the  autozero  phase  during  which  the  system  is  in  a  quiescent  state 
with  all  the  voltage  levels  fixed  and  no  changes  or  movement  of  any  of  the  levels  of  any  of  the  amplifier  or 
resistor  networks.  During  autozero,  the  autozero  switches  47  and  49  are  turned  on.  The  autozero  switch  49 
connects  the  positive  input  of  the  A/D  comparator/amplifier  40  to  the  analog  common  8  and  the  autozero 

35  switch  47  connects  the  output  thereof  to  the  negative  input  proximate  the  A/Z  storage  capacitor  46.  All  the 
offsets  from  the  D/A  amplifier  11,  the  ladder  resistor  network  13,  and  the  A/D  amplifier/comparator  40  are 
imposed  on  the  autozero  storage  capacitor  46.  All  of  the  other  switches  in  the  A/D  converter  circuitry  12  are 
off.  The  D/A  amplifier/comparator  1  1  output  is  set  to  zero  by  turning  on  switches  27,  28,  30,  32,  34  and  36. 
Switches  26,  29,  31,  33  and  37  are  turned  off. 

40  The  first  operative  phase  of  the  analog  to  digital  conversion  begins  when  the  microprocessor  15 
provides  directions  to  start  the  compare  phase.  During  the  compare  phase,  the  analog  input  which  is 
present  at  the  sample  and  hold  circuit  9  is  applied  to  the  positive  input  of  the  A/D  comparator/amplifier  40 
through  input  switch  62  which  is  turned  on.  Further,  the  compare  switch  50  is  turned  on. 

When  the  input  signal  is  applied',  the  output  of  the  D/A  amplifier  11  will  still  be  that  of  the  analog 
45  common  ground  8  and  the  analog  input  would  cause  the  output  of  the  A/D  comparator/amplifier  40  to  be  at 

one  extreme  or  the  other  depending  upon  the  polarity  of  the  analog  input.  It  should  be  noted  that  the 
present  invention  is  operative  for  the  entire  range  of  negative  to  positive  polarity  analog  inputs  without  a 
need  for  sensing  polarity. 

After  a  trigger  from  microprocessor  15,  the  control  logic  circuit  16  will  start  opening  and  closing  the 
so  digital  switches  26  through  37  on  and  off  to  selectively  connect  the  ladder  resistors  19  through  24  into  the 

connection  between  the  input  of  the  D/A  amplifier  11  and  the  negative  output  node  112  or  common  8. 
The  selective  turn-on  of  the  ladder  switches  26  through  37  causes  the  output  of  the  D/A  amplifier  1  1  to 

start  ramping  in  steps  from  minus  full  scale  to  plus  full  scale.  At  each  step,  the  output  of  the  A/D 
comparator/amplifier  40  operating  in  its  comparator  mode  is  checked  for  polarity.  If  polarity  is  positive,  the 

55  particular  ladder  switch  is  left  on  and  then  the  next  switch  is  activated  for  the  next  resistor  connection.  If 
polarity  is  negative  the  particular  switch  is  turned  off,  and  the  other  switch  of  the  pair  is  turned  on  to 
connect  that  resistor  to  the  analog  common  ground  8. 

In  all  cases,  for  both  polarities  of  input,  the  current  always  flows  through  the  ladder  switches  in  the 
same  direction.  This  is  because  it  has  been  discovered  that  conventional  bidirectional  switches  exhibit 

60  sufficient  differences  in  resistance  to  current  flow  in  different  directions  to  cause  noticeable  errors  in  high 
precision  instruments  of  the  type  embodying  the  current  invention. 

As  each  of  the  resistors  in  the  ladder  resistor  network  13  is  tried,  the  control  logic  circuit  16  remembers 
which  of  the  ladder  resistors  is  left  connected  to  the  negative  output  node  112. 

Since  the  ladder  resistors  are  binary  weighted,  each  of  the  resistors  selected  during  the  above  process 
65  represents  the  closest  digital  equivalent  of  the  analog  input  at  the  positive  input  of  the  A/D 
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comparator/amplifier  40.  The  output  of  the  A/D  comparator/amplifier  40  is  thus  below  the  next  complete 
digit  and  may  be  termed  a  "remainder".  In  this  fashion,  the  first  digit  is  determined  and  the  portion  of  the 
input  signal  representative  thereof  is  subtracted  from  the  positive  input  to  the  A/D  comparator/amplifier  40. 

To  store  the  remainder  being  outputted  from  the  A/D  comparator/amplifier  40  to  compare  switch  50  is 
5  turned  off  and  the  store  1  or  store  2  switch  48  is  turned  on.  The  input  switch  62  is  left  on  and  the  store  1 

switch  52  is  turned  on  to  connect  the  output  of  the  A/D  comparator/amplifier  40  to  the  A  storage  capacitor 
58. 

During  this  next  phase,  the  A/D  comparator/amplifier  40  is  no  longer  used  as  a  comparator  and  instead 
is  used  as  an  amplifier.  In  the  amplifier  mode,  inputs  to  the  positive  input  of  the  A/D  comparator/amplifier 

10  40  are  multiplied  by  a  predetermined  factor.  In  the  preferred  embodiment,  the  predetermined  factor  that 
the  remainder  is  multiplied  by  is  16. 

The  amplified  output  then  charges  the  A  storage  capacitor  and  a  time  delay  is  provided  to  allow  the  A/D 
comparator/amplifier  40  to  stabilize  after  charging  the  A  storage  capacitor  58.  Then  the  store  1  switch  52  is 
turned  off.  Finally,  the  input  switch  62  is  also  turned  off  to  complete  this  amplifier  or  remainder  storage 

15  phase. 
In  the  next  phase,  the  A/D  comparator/amplifier  40  is  then  reconfigured  into  its  comparator  mode.  The 

compare  switch  50  is  turned  on  and  the  store  1  or  store  2  switch  48  is  turned  off.  With  the  store  3  switch  54 
turned  on,  the  compare  phase  cycle  is  restarted.  The  charge  that  was  stored  on  the  A  storage  capacitor  58 
now  replaces  the  original  analog  signal  as  the  input  to  the  positive  input  of  the  A/D  comparator/amplifier 

20  40.  As  before,  the  ladder  switches  are  opened  and  closed  by  the  control  logic  circuit  16  and  the  A/D 
amplifier/comparator  40  in  its  comparator  mode  is  monitored  for  its  output  polarity.  If  a  particular  ladder 
switch  causes  the  output  polarity  to  be  negative,  that  particular  switch  is  removed  from  the  connection  to 
the  negative  output  node  112.  After  each  of  the  six  ladder  switches  have  been  tried,  those  resistors  that 
remain  connected  to  the  precision  voltage  reference  circuitry  18  represent  the  digital  equivalent  of  the 

25  analog  voltage  which  is  the  predetermined  number  of  times  the  remainder  from  the  previous  compare 
phase.  It  is  in  this  fashion  that  the  first  significant  bits  of  the  remainder  are  determined. 

The  circuit  is  then  switched  so  that  the  A/D  comparator/amplifier  40  is  changed  into  the  amplifier  mode. 
The  compare  switch  50  is  turned  off  and  the  store  1  or  store  2  switch  48  is  turned  on.  The  store  3  switch  54  is 
left  on  and  the  input  from  the  D/A  amplifier  and  the  potential  from  the  A  storage  capacitor  58  is  applied  to 

30  the  positive  input  of  the  A/D  comparator/amplifier  40.  The  difference  between  the  output  of  the  D/A 
amplifier  and  the  charge  from  the  A  storage  capacitor  58  is  multiplied  by  the  predetermined  factor  and 
appears  at  the  output  node  45. 

During  this  phase,  the  potential  at  the  output  node  45  is  applied  to.  the  B  storage  capacitor  60  through 
the  store  2  switch  53.  After  a  sufficient  time  delay  for  the  A/D  comparator/amplifier  40  to  stabilize,  the  store 

35  2  switch  53  is  opened  and  the  charge  across  B  storage  capacitor  60  represents  the  predetermined  number 
times  the  difference  between  the  D/A  output  and  the  charge  previously  on  the  A  storage  capacitor  58.  This 
time,  however,  the  digital  information  representing  the  ladder  bits  which  were  called  during  the  last 
compare  phase  are  equal  to  one-sixteenth  the  values  represented  by  the  same  bits  when  they  were  called 
during  the  first  compare  phase.  Now,  the  compare  phase  and  the  amplification  phases  are  repeated;  the 

40  compare  phase  is  repeated  three  times  and  the  amplification  phase  twice. 
Each  time  the  compare  and  amplification  phases  are  repeated,  the  role  of  A  and  B  storage  capacitors  58 

and  60,  respectively,  are  exchanged. 
During  each  compare  mode  when  the  last  one  or  two  ladder  switches  are  tested,  it  is  possible  for  the 

comparator  mode  connected  A/D  Amplifier/comparator  40  to  be  not  settled  and  to  have  its  output  polarity 
45  incorrectly  interpreted  by  the  control  logic  circuitry  16.  This  situation  will  cause  a  ladder  switch  to  be 

incorrectly  selected  and  the  final  digital  representation  of  the  analog  input  to  be  in  error.  The  point  where 
comparator  errors  are  most  likely  to  appear  is  at  the  cardinal  points  or  points  where  the  input  voltage  level 
is  very  near  the  value  where  there  are  major  changes  of  ladder  switch  patterns,  such  as  101111  to  110000. 

In  the  original  recirculation  of  the  remainder  system,  if  the  ladder  switch  is  selected  incorrectly  such 
so  that  its  corresponding  analog  level  is  slightly  larger  than  the  applied  input,  the  final  digital  result  will  be  in 

error  by  the  difference  and  in  most  cases,  the  A/D  converter  will  have  some  missing  values  or  codes  near 
cardinal  points. 

Generally  a  cardinal  point  is  most  noticeable  between  two  closely  spaced  readings  which  result  in 
major  changes  of  ladder  switch  patterns.  In  the  past,  any  mismatch  of  ladder  switches  or  resistors  caused 

55  major  discontinuities  in  the  linearity  curve.  For  example,  for  equally  spaced  increments  of  input  voltage, 
successive  digital  readings  might  be: 

60 

65 
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Desired  Actual 

09995  09995 
09996  09996 
09997  09997 
09998  09997  (Discontinuity) 
09999  09997  (Discontinuity) 
10000  10000 
10001  10001 
10002  10002 10  10002  10002 

In  the  present  invention  the  cardinal  point  errors  are  eliminated  because  of  a  self  correction  scheme 
embedded  in  the  topology  of  the  circuit.  In  the  preferred  embodiment,  the  equivalent  value  of  the  ladder 
resistors  19  through  24  ar.e  weighted  sixteen  to  one.  There  is  also  the  ladder  resistor  25  which  has  a 

75  negative  sixteen  weight  to  start  the  binary  digits  from  a  negative  (or  offset)  value.  This  means  turning 
switch  26  on  will  result  in  zero  output  from  the  D/A  amplifier  11.  With  six  switches,  the  switch  patterns  of 
each  recirculation  overlap  by  two.  Thus,  if  an  error  is  made  during  one  of  the  recirculations  of  the 
remainder,  the  error  is  added  to  the  remainder  and  affects  the  switch  pattern  in  the  next  recirculation  to  be 
cancelled  or  substracted  out. 

20  After  all  the  phases  are  completed,  a  register  in  the  control  logic  circuit  16  has  a  binary  representation 
of  the  analog  signal  that  was  applied  at  the  input  64.  This  binary  data  is  then  shifted  out  six  bits  at  a  time 
serially  onto  an  interface  bus,  to  be  later  described,  that  is  connected  to  the  microprocessor  15.  The 
microprocessor  15  then  rearranges  the  data  and  inserts  the  appropriate  correction  factors  to  correct  for 
errors  due  to  the  ladder  resistor  network  13,  the  various  switches  in  the  A/D  converter  circuitry  12,  and  the 

25  voltages  from  the  precision  voltage  reference  circuitry  18. 
While  the  data  is  being  transferred  from  the  control  logic  circuit  16  through  the  bus  interface  70,  the 

A/D  converter  circuitry  12  is  placed  back  in  its  autozero  phase. 
The  BS  power  supply  14  enhances  the  performance  of  the  A/D  amplifier/comparator  40  by  generating  a 

power  supply  which  tracks  the  input  to  the  A/D  comparator/amplifier  40.  It  also  serves  to  limit  the  output 
30  excursion  of  the  A/D  comparator/amplifier  40  when  it  is  used  in  the  comparison  mode. 

When  the  A/D  comparator/amplifier  40  is  in  the  autozero  phase  or  in  the  amplifier  phase,  the  bootstrap 
follower  amplifier  66  is  connected  as  a  follower.  The  output  of  the  BS  follower  amplifier  66  tracks  the 
voltage  at  its  positive  input.  The  positive  input  of  the  BS  follower  amplifier  66  is  connected  to  the  positive 
input  of  the  A/D  comparator/amplifier  40.  The  output  of  the  BS  follower  amplifier  66  is  connected  at  the 

35  junction  of  two  zener  diodes  76  and  78.  These  two  zener  diodes  76  and  78  set  the  operating  points  for  the 
plus  and  minus  supply  follower  transistors  84  and  86,  respectively.  The  transistors  84  and  86  are  set  up  so 
as  to  provide  a  bootstrap  power  supply  via  leads  88  and  90  to  the  A/D  comparator/amplifier  40.  Thus,  the 
bootstrap  power  supply  14  provides  a  power  supply  that  bootstraps  or  tracks  the  A/D  amplifier/comparator 
40  inputs  so  it  never  sees  a  common  mode  input  signal.  This  makes  it  feasible  to  use  a  lower  grade 

40  amplifier  than  heretofore  believed  possible  for  the  A/D  comparator/amplifier  40. 
When  the  A/D  comparator/amplifier  40  is  used  in  the  comparator  mode,  its  output  is  driven  to  supply 

extremes  in  either  polarity  depending  on  the  input  signal.  When  this  occurs,  the  output  devices  in  the 
amplifier  become  saturated  and  do  not  recover  in  time  to  perform  as  a  linear  amplifier  when  the  circuit  is 
changed  into  an  amplifier.  Therefore,  the  bootstrap  power  supply  14  includes,  components  so  that  it  can 

45  limit  supply  voltages  and  thus  limit  the  output  excursions  of  the  A/D  comparator/amplifier  40  to  make  it 
recover  more  quickly  after  it  has  been  overloaded  during  the  compare  phase.  This  is  accomplished  by 
resistor  70  and  two  zener  diodes  72  and  73,  connected  back  to  back  which  are  connected  between  the 
negative  input  to  the  BS  amplifier  66  and  the  output  of  the  A/D  comparator/amplifier  40. 

When  the  output  of  the  A/D  comparator/amplifier  40  exceeds  a  predetermined  level,  the  zener  diodes 
so  break  over  and  convert  the  configuration  of  the  bootstrap  follower  amplifier  66  from  a  follower  mode  into 

an  operational  mode  and  thus  it  becomes  an  inverting  amplifier.  As  an  inverting  amplifier,  the  bootstrap 
amplifier  66  limits  the  output  of  the  A/D  comparator/amplifier  40  by  limiting  its  power  supply.  This  limiting 
of  the  output  level  of  the  A/D  amplifier/comparator  40  makes  it  possible  for  the  amplifier  to  very  quickly 
return  to  its  linear  mode  of  operation  during  the  amplifier  phase. 

55  The  precision  reference  voltage  circuitry  18  provides  a  positive  and  negative  reference  voltage  source 
which  has  excellent  long-term  stability,  small  temperature  coefficient,  and  is  presettable  to  a  desired  output 
voltage  without  production  manual  adjustments. 

The  reference  amplifier  90  and  the  collector  resistor  96  are  selected  to  set  the  current  through  transistor 
94  such  that  the  temperature  coefficient  of  the  emitter  base  voltage  of  transistor  94  is  exactly  equal  to  the 

60  temperature  coefficient  of  the  zener  diode  92.  The  net  temperature  coefficient  of  the  zener  diode  92  and  the 
base  emitter  voltage  of  the  transistor  94  is  zero  for  the  voltage  between  the  nodes  103  and  107. 

The  reference  amplifier  90  provides  the  needed  voltages  to  properly  bias  the  operational  amplifier  106 
and  to  scale  the  stable  voltage  between  nodes  103  and  107  to  desired  voltage  levels  between  the  analog 
common  ground  8  and  the  negative  output  node  112.  The  operational  amplifier  106  is  an  active  device  that 

65  controls  negative  voltage  levels  at  the  negative  output  node  112.  The  resistor  network  made  up  of  the 
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resistors  104  and  105  also  set  up  the  desired  output  voltage  between  the  analog  common  ground  8  and  the 
negative  output  node  1  1  2.  The  diode  1  08  and  the  resistor  1  1  0  ensure  that  the  output  at  the  negative  output 
node  112  is  always  negative. 

The  portion  of  the  precision  reference  voltage  circuitry  18  which  outputs  a  positive  precision  reference 
5  voltage  at  the  positive  output  node  118  consists  of  the  operational  amplifier  116  and  two  gain  setting 

resistors  1  14  and  1  20.  This  circuit  provides  the  desired  positive  output  and  it  is  the  stable  source  for  setting 
the  required  zero  temperature  coefficient  current  for  the  reference  amplifier  90  via  the  resistor  96. 

The  positive  and  negative  output  voltages  provide  the  precise  voltage  levels  needed  to  set  the  desired 
current  for  the  reference  zener  diode  92  via  resistors  98  and  100. 

io  In  effect,  the  reference  amplifier  90  can  be  considered  part  of  an  operational  amplifier.  The  base  of  the 
reference  amplifier  transistor  94  and  the  resistor  102  is  the  non-inverting  input  and  the  emitter  of"  the 
reference  amplifier  transistor  94  is  the  inverting  input.  Diode  108  and  resistor  110  with  amplifier  106  make 
up  the  output  portion  of  the  operational  amplifier. 

Essentially,  the  output  voltage  at  the  negative  output  node  1  12  would  be  more  negative  than  the  node 
15  103  by  the  voltage  across  the  zener  diode  92  plus  the  offset  voltage  of  the  operational  amplifier.  The 

effective  operational  amplifier  will  have  an  input  offset  voltage  that  has  an  adjustable  temperature 
coefficient  set  by  the  selection  of  the  value  of  the  collector  resistor  96.  The  zener  diode  92  has  a  positive 
temperature  coefficient  and  so  the  equivalent  operational  amplifier  will  have  an  adjustable  negative 
temperature  coefficient.  Thus,  with  proper  selection  of  the  collector  resistor  96  during  testing  of  the 

20  reference  amplifier  90,  the  voltage  between  the  base  of  the  transistor  94  and  the  negative  output  node  1  1  2 
will  be  a  temperature  and  time  independent  stable  voltage. 

The  voltage  at  the  negative  output  node  112  with  respect  to  the  analog  common  ground  8  can  be 
adjusted  to  any  level  larger  than  the  voltage  across  the  zener  diode  92  plus  the  voltage  across  the  base 
emitter  junction  of  the  reference  transistor  94.  Since  the  resistors  104  and  105  are  in  one  precision  network, 

25  the  division  can  be  made  very  stable. 
The  positive  reference  voltage  at  the  positive  output  node  1  18  is  generated  with  an  inverting  amplifier 

using  a  gain  of  minus  one.  The  gain  is  set  up  by  the  ratio  of  the  two  resistors  114  and  120  which  are  in  one 
network  and  which  can  be  made  very  stable.  The  voltage  offset  and  the  voltage  temperature  coefficient  can 
cause  some  errors,  but  for  this  (A/D)  application,  the  errors  are  negligible. 

30  In  actual  production,  it  has  been  found  that  the  precision  voltage  reference  circuitry  18  is  unique  for 
several  reasons.  First,  the  output  voltage  of  the  circuit  can  be  very  precisely  set  by  laser  trimming  the 
resistor  network  consisting  of  the  two  resistors  104  and  105  during  testing  of  the  reference  amplifier  90.  The 
collection  of  components  then  can  be  installed  in  a  larger  system  without  the  requirement  of  manually 
selecting  resistors  or  adjusting  a  control.  Second,  the  circuit  places  the  reference  amplifier  90  in  an 35  electrical  environment  that  duplicates  the  environment  in  which  the  device  was  originally  tested.  The 
resistor  102  makes  the  resistance  looking  away  from  the  base  appear  to  be  the  same  as  that  in  a  test 
environment.  The  resistors  98  and  100  make  the  source  resistance  for  the  zener  current  for  the  reference 
zener  92  to  be  the  same  as  in  the  test  environment,  and  third,  the  complete  circuit  can  be  built  using  only 
seven  components. 40  Referring  now  to  Fig.  2,  therein  is  shown  the  contents  of  the  block  designated  as  the  control  logic 
circuitry  16. 

A  prescaler  302  receives  a  set  frequency  input  signal  from  the  instrument  (not  shown)  containing  the 
A/D  converter.  The  signal  is  provided  to  a  main  counter  304.  The  main  counter  304  is  connected  to  a 
watchdog  timer,  306. 

45  The  main  counter  304  is  further  connected  to  a  timing  control  31  4  which  provides  signals  (according  to 
the  timing  diagram  to  be  hereafter  described)  to  a  first-in  first-out  (FIFO)  register  312  which  forwards 
signals  to  tristate  buffers  310.  Connected  to  the  timing  control  314  is  an  "and/or  select"  logic  316.  Where 
not  otherwise  designated,  these  are  all  conventional  components  assembled  in  well-known  configurations 
or  would  be  obvious  to  those  skilled  in  the  art  from  the  description.  The  timing  control  314  further  has 

50  output  leads  318,  320,  322,  and  324  connected  to  a  sample  and  hold  circuit  9  (shown  in  Fig.  1). 
The  main  counter  304  is  still  further  connected  to  watchdog  timer  306  that  is  used  to  check  to  make 

sure  that  microprocessor  15  interogates  the  system  periodically  and,  if  it  does  not,  it  will  be  assumed  that 
the  microprocessor  program  counter  has  lost  its  place  and  will  cause  the  microprocessor  15  to  reset  thus 

55  initializing  the  software  and  the  A/D  status  to  a  known  state. 
The  watchdog  timer  306  is  connected  to  a  reset  gating  circuit  325  (for  resetting  the  microprocessor  15 

as  described  above)  and  to  a  lead  326  to  the  bus  interface  70.  The  bus  interface  70  is  connected  by  a  lead 
328  to  the  watchdog  timer  306.  The  bus  interface  70  is  further  connected  by  a  lead  330  to  the  trigger  control 
308  and  is  connected  by  leads  332,  334,  336,  338,  340,  and  342  from  the  tristate  buffers  310.  Each  of  these 

60  leads  is  individually  connected  from  the  tristate  buffers  310  to  the  and/or  select  logic  316.  A  lead  344 
connects  the  timing  control  314tothe  bus  interface  70  and  a  lead  346  connects  the  timing  control  314tothe 
output  node  45. 

The  and/or  select  logic  316  is  connected  by  leads  348,  350,  352,  354,  356,  and  358  to  the  ladder  switches 
26,  28,  30,  32,  34,  and  36,  respectively  (shown  in  Fig.  1).  The  and/or  select  logic  316  is  further  connected  by 

65  lead  360  to  the  compare  switch  50  and  by  the  lead  362  to  the  autozero  switch  47  and  49.  The  and/or  select 
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logic  316  is  further  connected  by  leads  364,  365,  366,  370  and  372  respectively  to  the  amplifier  control 
switches  52,  48,  53,  54,  and  55.  A  lead  368  is  connected  to  the  input  switch  62. 

In  order  to  understand  the  operation  of  the  entire  analog  to  digital  converter,  it  is  necessary  to 
reference  the  flow  chart  in  Fig's.  3,  4,  and  5,  sequentially,  and  the  wave  form  digrams  of  Fig.'s  6  and  7 

5  simultaneously. 
Initially,  the  A/D  converter  is  in  a  standby  state  in  which  the  output  signals  on  leads  318  and  320  are  on, 

the  signals  on  leads  322  and  324  are  off,  and  the  autozero  mode  is  in  effect.  In  the  autozero  mode,  there  are 
signals  on  leads  348  for  the  ladder  switch  26  and  the  lead  362  for  the  autozero  switch  47  and  49  and  no 
signals  on:  the  leads  350,  352,  354,  356,  and  358  for  the  other  ladder  switches;  and  the  lead  360  to  the 

10  compare  switch  50;  and  the  leads  364,  366,  368,  370,  and  372  which  are  for  the  amplifier  control  switches. 
After  the  triggering  input  is  provided  as  indicated  by  the  decision  block  402,  the  output  on  lead  320  is 

turned  off  as  shown  at  block  404.  Next,  a  predetermined  period  of  time  passes  as  shown  by  delay  block  406 
before  the  signal  on  lead  318  is  turned  off  and  the  signal  on  lead  322  is  turned  on  by  the  timing  control  314. 
With  reference  to  Fig.  6  which  is  a  timing  diagram  which  depicts  the  various  wave  forms  imposed  on  leads 

15  318,  320,  322  and  324,  it  may  be  seen  that  the  wave  forms  change  at  points  502,  504,  and  506. 
After  the  predetermined  delay  as  indicated  by  block  410,  the  autozero  mode  is  turned  off  as  indicated 

by  block  412.  The  wave  forms  involved  are  shown  at  points  522  and  508  in  Fig.  7.  As  a  point  of  reference,  it 
should  be  noted  that  the  points  508  and  510  are  identical  in  Figs.  6  and  7. 

Next,  the  input  mode  is  turned  on  as  indicated  by  block  414  as  the  input  switch  62  remains  closed 
20  between  points  508  and  510.  While  the  input  mode  is  turned  on,  the  digit  selection  process  (process  by 

which  the  bits  which  make  up  the  digit  are  selected)  indicated  by  block  416  is  implemented.  This  is  a 
subroutine  which  is  shown  in  Fig.  5  and  which  will  be  discussed  in  greater  detail  later. 

When  the  digit  selection  process  is  completed,  the  input  mode  is  turned  off  as  indicated  by  block  418 
and  at  point  510  in  Fig.  6  and  7. 

25  Next,  the  A  capacitor  mode  is  activated  by  turning  on  the  switch  54  at  the  point  528  in  Fig.  7. 
After  the  A  capacitor  switches  are  turned  on,  a  pair  of  simultaneous  processes  occur.  The  first  process 

is  the  digit  selection  process  of  block  438,  which  is  the  subroutine  shown  in  Fig.  5,  repeated.  The  second 
process  which  relates  to  the  sample  and  hold  circuit  9  begins  with  a  predetermined  time  delay  as  indicated 
by  block  422  after  which  the  signal  on  the  322  is  turned  off  as  shown  by  block  424  and  point  512  in  Fig.  6. 

30  Another  predetermined  delay  occurs  at  block  426  and  then  the  signal  on  lead  324  is  turned  on  in  block  428 
as  indicated  at  point  514  in  Fig.  6.  The  signal  remains  on  for  a  predetermined  period  as  indicated  by  block 
430  and  then  it  is  turned  off  at  block  432  and  point  51  6.  After  a  further  time  delay  indicated  by  block  434,  the 
signals  on  leads  318  and  320  are  turned  on  as  indicated  by  block  436  and  the  points  518  and  520  which 
occur  shortly  thereafter. 

35  It  should  be  noted  from  the  dotted  lines  in  Figs.  6  and  7  that  the  signals  are  not  turned  on  and  off 
simultaneously  but  rather  are  generally  staggered  so  that  one  signal  will  terminate  before  another  begins. 
This  "break  before  make"  has  contributed  to  system  accuracy  by  eliminating  error  inducing  transients. 

By  the  time  the  block  436  occurs,  the  digit  selection  process  of  438  will  be  completed  and  the  program 
will  proceed  to  block  440  where  the  A  capacitor  switches  will  be  turned  off  with  switch  54  being  turned  off 

40  at  point  532.  Next,  the  B  capacitor  mode  is  activated  as  indicated  by  block  442  and  point  536. 
Next,  the  digit  selection  process  is  repeated  for  the  remaining  remainder  as  indicated  by  block  444. 
After  completion  of  the  digit  selection  process  in  block  444,  the  B  capacitor  switches  are  turned  off  as 

indicated  by  the  block  446  and  the  A  capacitor  switches  are  turned  on  as  indicated  by  block  448  and  then  the 
digit  selection  process  is  repeated  for  the  remaining  remainder  as  indicated  by  block  450. 

45  After  completion  of  the  bit  selection  process,  the  A  capacitor  switches  are  turned  off  as  indicated  by 
block  452  and  the  B  capacitor  switches  are  turned  on  as  indicated  by  block  454.  Next,  the  digit  selection 
process  is  repeated  as  indicated  by  block  456  and  then  the  B  capacitor  switches  are  turned  off  as  indicated 
by  block  458. 

During  the  capacitor  charging  process  the  remainder  value  is  being  stored.  This  remainder  value 
50  storage  occurs  four  times  between  wave  form  points  524  to  526,  533  to  534,  538  to  540,  and  546  to  548. 

At  this  point,  the  autozero  is  turned  on  as  indicated  by  block  460  and  point  558. 
The  digit  selection  process  could  continue  to  be  repeated  for  additional  digits;  however,  at  this  point  in 

the  preferred  embodiment  the  autozero  is  turned  on  as  indicated  by  block  460  and  point  558. 
Next,  a  "dataready"  signal  is  sent  to  the  microprocessor  15  as  indicated  in  block  462.  When  the 

55  "dataready"  signal  is  received  as  indicated  by  the  decision  block  464,  the  control  314  and  logic  circuit  16 
sends  5  bytes  of  data  from  the  FIFO  buffer  312  to  the  microprocessor  15  for  processing  466  and  the 
program  returns  to  the  decision  block  402  in  Fig.  3  to  recycle  the  system  for  the  next  analog  to  digital 
conversion. 

Referring  now  to  Fig.  5,  therein  is  shown  the  digit  selection  process  subroutine  which  starts  off  at  block 
eo  470  where  switches  26,  28,  30,  32,  34  or  36  are  turned  on,  the  corresponding  paired  switch  27,  29,  31  ,  33,  35 

or  37  is  turned  off.  After  a  predetermined  time  delay  as  indicated  by  block  472  the  first  ladder  switch  27  is 
turned  on  at  block  474.  The  switch  27  is  left  on  for  a  predetermined  period  as  indicated  by  block  476  until 
the  output  of  the  D/A  amplifier  1  1  output  polarity  is  determined  by  block  478.  If  the  polarity  has  changed, 
the  switch  27  will  be  turned  off  at  block  480  and  if  it  has  not  it  will  be  left  on.  In  either  event,  the  program  will 

65  proceed  through  a  further  time  delay  as  indicated  by  the  block  482. 
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Next,  the  second  ladder  switch  29  will  be  turned  on  as  indicated  by  block  484  and  again  after  a 
predetermined  time  delay  as  indicated  by  block  486  a  comparison  will  be  made  as  indicated  by  decision 
block  490  to  determine  if  there  has  been  a  polarity  change  of  the  A/D  comparator/amplifier  40  output.  This 
portion  of  the  subroutine  will  be  repeated  for  each  of  the  ladder  switches  31,  33,  35  and  37  until  a  polarity 

5  change  occurs.  If  a  polarity  change  occurs  when  a  switch  is  turned  on,  that  switch  will  be  turned  off  and  the 
program  continued.  With  one  final  last  time  delay,  the  on  or  off  condition  of  the  ladder  switches  will  be  held 
in  the  FIFO  buffer  312  as  indicated  by  the  block  496.  Next  the  A  capacitor  or  B  capacitor  will  be  allowed  to 
reach  its  final  value  according  to  the  bit  switch  states  as  indicated  by  block  498  and  then  the  subroutine  will 
return  back  to  the  main  program  at  block  416,  438,  444,  450  or  456. 

10  The  memorization  of  the  states  in  the  FIFO  occur  five  times  during  the  preferred  embodiment  program 
at  wave  form  points  524,  530,  538,  546,  and  554. 

In  the  digit  selection  process  the  various  ladder  switches  are  turned  on  to  impose  the  corresponding 
ladder  resistors  and  thus  voltages  to  the  amplifier  1  1  between  wave  form  points  508  to  524;  528  to  530;  536 
to  538;  544  to  546;  and  552  to  554. 

The  tristate  buffers  310  and  the  bus  interface  70  transfer  the  data  to  the  microprocessor  15.  The  data 
transfer  is  byte  serial  bit  parallel  and  the  bytes  are  transferred  to  the  microprocessor  15  in  the  same  order 
as  they  were  generated:  (first  in,  first  out).  In  the  preferred  embodiment  each  byte  contains  six  bits  with 
each  bit  representing  a  ladder  switch  state. 

20  The  data  transferred  from  the  bus  interface  70  to  the  microprocessor  1  5  has  the  following  significance 
as  shown  in  the  table  below. 

Data  pattern  vs  ladder  switch  on 

25  Sw27  Sw29  Sw31  Sw33  Sw35  Sw37 

Byte  1  21  2°  2"1  2"2  2~3  2"4 

Byte  2  2~3  2"4  2~s  2"6  2"7  2"8 

Byte  3  2~7  2~a  2"9  2"10  2"11  2"12 

Byte  4  2"11  2"12  2"13  2~14  2"15  2~16 

Byte  5  2~1S  2"16  2"17  2~18  2"19  2~2° 

30 

35  Byte  5  2~15  2"10  2~"  2  1O  *  * 

For  every  bit  that  is  logic  one  in  the  data  pattern  transferred  to  the  microprocessor  15,  the 
microprocessor  15  adds  a  voltage  multiplied  by  a  power  of  2  as  shown  in  the  above  table,  adjusted  for 
known  errors  of  the  ladder  resistors  19  through  25  and  stored  in  the  calibration  memory  17. 

40  The  analog  to  digital  conversion  operations  have  been  described  above;  however,  to  initialize  the 
system,  the  microprocessor  15  calibrates  the  A/D  converter  by  heuristically  solving  an  8  variable  equation 
which  represents  the  A/D  analog  circuitry.  The  exact  method  will  be  evident  to  those  skilled  in  the  art  from 
the  following  analysis: 

45 Definitions: 
V,n=input  voltage; 
N,  thru  N5="Nibbles"  or  the  closest  approximation  voltage  which  is  subtracted  at  each  iteration  of  the 

bit  selection  process; 
R-,  thru  R4=Remainder  stored  after  each  bit  selection  process; 
Ar=Remainder  amplifier  gain; 
A=Desired  Gain; 
E=Gain  error  correction  factor; 
A/K=Actual  gain  with  K  equal  to  1+E. 
The  first  remainder  stored  is: 

Ri-AMn-N,)  

The  second  remainder  stored  is: 

60  R2=Ar(R1-N2)=Ar2(V,n-N1)-ArN2 

The  third  remainder  stored  is: 

R3=Ar(R2-N3)=Ar3(Vn-N1)-Ar2N2-ArN3 
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The  fourth  remainder  stored  is: 

R4=Ar4(VIn-N1)-Ar3N?-Ar2N3-ArN4 

s  In  the  preferred  embodiment,  the  last  nibble  N5  is  assumed  equal  to  R4  without  sacrificing  the  accuracy 
necessary  (i.e.  remainder  is  discarded).  Then  solving  for  V,n: 

Ar4V,n=Ar4N1+Ar3N2+Ar2N3+ArN4+N5 

?0  Therefore: 

Vln=  N,  +  N2/Ar+  N3/Ar2+  N4/Ar3+  Ns/Ar4 

If  the  gain  A  is  not  exactly  right,  the  remainder  stored  and  therefore  the  conversion  result  will  be  in 
error.  Thus: 

15 
A/D  Result=N1  +KN2/A+K2N3/A2+K4N4/A3+K4NS/A4 

Where  K=1+E,  then: 

20  K2=(1+E)Z=1+2E+E2 

K3=(1+E)3=1+3E+3E2+E3 

K4=(1  +E)4=1  +4E+6E2+4E3+E4 
25 

If  it  is  assumed  that  E2,  E3,  and  E4  are  much  less  than  1  (since  E  is  less  than  1),  then: 

K=1+E 

30  K2=1+2E 

K3=1+3E 

K4=1+4E 
35 

By  substitution: 

A/D  Result=(N1+N2/A+N3/A2+N4/A3+Ns/A4)+(EN2/A+2EN3/A2+3EN4/A3+4EN5/A4) 

40  In  the  above,  the  four  terms  in  the  second  set  of  parenthesis  are  the  total  error. 
The  following  equation  will  provide  the  A/D  reading  or  result  in  the  preferred  embodiment  when  all  of 

the  variables  are  substituted  with  the  correct  numerical  values: 

A/D  result=Z+10°[-(1-a)(L1)+b(L2)+c(L3)+d(L4)+e(L5)+f(L6)]+ 
45 

(1+E)/161[-(1-g)(L1)+h(L2)+i(L3)+j(L4)+k(L5)+l(L6)]+ 

(1+2E)/162[-(1-m)(L1)+n(L2)+o(L3)+p(L4)+q(L5)+r(L6)]+ 

50  (1+3E)/163[-(1-s)(L1)+t(L2)+u(L3)+v(L4)+w(L5)+x(L6)]+ 

(1+4E)/164[-(1-y)(L1)+z(L2)+G(L3)+H(L4)+l(L5)+J(L6)] 

Where: 
55  a,  b,  c,  ...  h,  i,  j,=switch  selection  patterns  are  (value  0  or  1) 

L1,  L2,  L3,  L4,  L5,  L6=actual  ladder  bit  values—  Ideally  L1=2,  L2=1,  L3=.5,  L4=.25,  L5=.125,  L6=.O625 
Z=offset,  ideally  equal  to  zero. 
The  values  of  LI,  L2,  L3,  L4,  L5,  L6,  E,  and  Z  are  nominally  known  and  therefore,  in  an  implementation 

of  the  A/D  converter,  inputs  can  be  chosen  so  that  specific  switch  selection  patterns  can  be  selected  as 
60  needed.  During  calibration,  known  values  of  input  are  applied  to  the  A/D  converter  and  the  exact  values  for 

each  of  the  variables  L1,  L2,  L3,  L4,  L5,  L6,  E,  and  Z  can  be  empirically  determined. 
In  the  preferred  embodiment,  the  A/D  result  is  dependent  on  all  of  the  terms  of  the  above  equation, 

however  in  the  process  of  determining  the  values  of  the  variables  only  the  first  two  terms  are  specifically 
considered  in  the  iterative  program  to  arrive  at  the  exact  values.  In  practice  only  the  difference  or  "error" 

65  between  the  real  value  and  the  ideal  value  is  stored  in  the  calibration  memory  17. 
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When  the  A/D  converter  is  used  to  make  a  measurement,  the  switch  selection  patterns  are  determined 
by  the  hardware.  These  pattern  values  are  then  substituted  in  the  equation  with  the  actual  ladder  values 
combined  with  the  correction  factors  (errors),  the  E  value,  and  the  Z  value  to  arrive  at  the  final  A/D  result. 

From  the  above,  it  will  be  evident  that  whenever  a  system  is  to  be  calibrated  either  at  the  factory  or  in 
5  the  field,  known  external  calibration  signals  having  specific  levels  are  imposed  on  the  system.  With  the 

external  signals  intended  to  exercise  certain  bits  in  the  system,  the  difference  between  the  calibration  and 
outputted  digital  signals  will  provide  the  data  for  determining  the  constants  in  the  multivariable  equation. 
When  the  calibration  devive  (not  shown)  is  subject  to  computer  control  as  to  the  signal  levels  it  outputs  and 
when,  the  microprocessor  15  can  also  be  computer  controlled  to  initiate  its  calibration  cycle  to  allow 

10  remote  automatic  calibration  of  the  system. 
As  many  possible  embodiments  may  be  made  of  the  invention  without  departing  from  the  scope 

thereof,  it  is  to  be  understood  that  all  matters  set  forth  herein  and  shown  in  the  accompanying  drawings  are 
to  be  interpreted  in  an  illustrative  and  not  a  limiting  sense. 

A  number  of  inventive  features  disclosed  but  not  claimed  in  the  present  application  are  claimed  in 
is  copending  European  applications  of  the  same  applicant. 

Claims 

1.  A  circuit  (14)  connectable  to  first  (+V)  and  second  (-V)  voltage  sources  for  supplying  to  a  first 
20  amplifier  means  (40)  first  and  second  regulated  supply  voltages,  comprising 

first  (81)  and  second  (86)  transistor  means  connected  in  series  between  said  first  (+V)  and  second  (-V) 
voltage  sources  and  having  outputs  (88,  91)  supplying  respectively  said  first  and  second  regulated  supply 
voltages; 

first  and  second  voltage  regulator  devices  (76,  78)  connected  in  series  between  said  voltage  sources 
25  (+V,  -V),  said  regulator  devices  (76,  78)  having  a  substantially  constant  voltage  drop  as  a  function  of  at 

least  a  threshold  current  flowing  therethrough,  outputs  of  said  voltage  regulator  devices  (76,  78)  controlling 
respectively  said  first  (84)  and  second  (86)  transistor  means; 

a  second  amplifier  means  (66)  for  controlling  an  input  of  said  first  and  second  regulator  devices; 
first  means  for  applying  an  input  signal  to  non-inverting  inputs  of  said  first  and  second  amplifier  means 

30  (66,  40);  and 
second  means  (45,  73,  72,  70)  for  applying  an  output  of  said  first  amplifier  means  (40)  to  an  inverting 

input  of  said  second  amplifier  means  (66); 
whereby  the  supply  voltages  track  input  signals  applied  to  said  first  amplifier  means  (40)  to  eliminate  a 

common  mode  signal  from  the  output  (45)  of  said  first  amplifier  means  (40). 
35  2.  The  circuit  of  Claim  1  ,  wherein  said  second  means  (45,  73,  72,  70)  includes  voltage  limiter  means  (73, 

72)  for  limiting  the  magnitude  of  the  signal  applied  by  said  first  amplifier  means  (40)  to  said  second 
amplifier  means  (66),  whereby  the  magnitude  of  said  first  and  second  regulated  supply  sources  are  limited 
to  prevent  saturation  of  said  first  amplifier  means  (40). 

3.  The  circuit  of  Claim  1,  wherein  said  regulator  devices  comprise  Zener  diodes  (76,  78). 
40  4.  The  circuit  of  Claim  2,  wherein  said  limiter  means  comprises  a  pair  of  Zener  diodes  (73,  72) 

connected  back-to-back. 
5.  The  circuit  of  Claim  3,  wherein  the  output  of  said  second  amplifier  means  (66)  is  connected  to  a 

junction  between  said  Zener  diodes  (76,  78). 
6.  The  circuit  of  Claim  1,  including  a  capacitor  (87)  connected  between  said  first  and  second  transistor 

45  means  (84,  86). 
7.  The  circuit  of  Claim  6,  wherein  said  transistor  means  (84,  86)  are  connected  as  emitter  followers. 
8.  The  circuit  of  Claim  1  or  Claim  2,  including  means  (10)  for  applying  a  reference  signal  to  a 

non-inverting  input  of  said  first  amplifier  means  (40). 
9.  The  circuit  of  Claim  8,  including  a  capacitor  (46)  connected  in  series  between  said  reference  signal 

so  means  (10)  and  said  first  amplifier  means  (40). 
10.  The  circuit  of  Claim  9,  as  dependent  from  Claim  2,  including  means  for  operating  said  first  amplifier 

means  (40)  selectively  as  an  amplifier  and  a  comparator,  said  limiter  means  preventing  saturation  of  said 
first  amplifier  means  (40)  operated  as  a  comparator. 

55  Patentanspriiche 

1.  Eine  Schaltung  (14),  die  mit  einer  ersten  (+V)  und  zweiten  (-V)  Spannungsquelle  zur  Zufiihrung 
einer  ersten  und  zweiten  geregelten  Versorgungsspannung  zu  einer  ersten  Verstarker-Vorrichtung  (40) 
verbindbar  ist,  aufweisend 

60  eine  erste  (81  )  und  zweite  (86)  Transistor-Vorrichtung,  die  in  Reihe  zwischen  die  erste  (+V)  und  zweite 
(-V)  Spannungsquelle  geschaltet  sind  und  Ausgange  (88,  91)  aufweisen,  die  entsprechend  die  erste  und 
zweite  geregelte  Versorgungsspannung  abgeben; 

eine  erste  und  zweite  Spannungsregel-Vorrichtung  (76,  78),  die  in  Reihe  zwischen  die 
Spannungsqueilen  (+V,  -V)  geschaltet  sind,  wobei  die  Regel-Vorrichtungen  (76,  78)  einen  im  wesentlichen 

65  konstanten  Spannungsabfall  als  Funktion  von  zumindest  einem  durch  sie  flieBenden  Schwellenwertstrom 
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aufweisen  und  Ausgangssignale  der  Spannungsregel  -  Vorrichtungen  (76,  78)  entsprechend  die  erste  (84) 
und  zweite  (86)  Transistor-Vorrichtung  steuern; 

eine  zweite  Verstarker-Vorrichtung  (66)  zu  Steuern  eines  Eingangssignals  der  ersten  und  zweiten 
Regel-Vorrichtung; 

5  eine  erste  Vorrichtung  zum  Anlegen  eines  Eingangssignals  an  nicht-invertierende  Eingange  der  ersten 
und  zweiten  Verstarker-Vorrichtung  (66;  40);  und 

zweite  Vorrichtungen  (45,  73,  72,  70)  zum  Anlegen  eines  Ausgangssignals  der  ersten  Verstarker- 
Vorrichtung  (40)  an  einen  invertierenden  Eingang  der  zweiten  Verstarker-Vorrichtung  (66); 

wodurch  die  Versorgungsspannungen  in  die  erste  Verstarker-Vorrichtung  (40)  angelegten 
10  Eingangssignalen  folgen,  um  ein  Gleichtaktsignal  am  Ausgang  (45)  der  ersten  Verstarker-Vorrichtung  (40) 

zu  eliminieren. 
2.  Die  Schaltung  nach  Anspruch  1,  wobei  die  zweiten  Vorrichtungen  (45,  73,  72,  70)  Spannungs- 

begrenzer  -  Vorrichtungen  (73,  72)  zum  Begrenzen  der  Gr6(5e  des  von  der  ersten  Verstarker-Vorrichtung 
(40)  an  die  zweite  Verstarker-Vorrichtung  (66)  angelegten  Signals  aufweisen,  wodurch  die  AusgangsgrofSe 

15  der  ersten  und  zweiten  geregelten  Versorgungsquelle  begrenzt  wird,  um  eine  Sattigung  der  ersten 
Verstarker-Vorrichtung  (40)  zu  verhindern. 

3.  Die  Schaltung  nach  Anspruch  1,  wobei  die  Regel-Vorrichtungen  Zenerdioden  (76,  78)  aufweisen. 
4.  Die  Schaltung  nach  Anspruch  2,  wobei  die  Begrenzer-Vorrichtungen  ein  Paar  von  Zenerdioden  (73, 

72)  aufweisen,  die  antiparallel  geschaltet  sind. 
20  5.  Die  Schaltung  nach  Anspruch  3,  wobei  der  Ausgang  der  zweiten  Verstarker-Vorrichtung  (66)  mit 

einem  Verbindungspunkt  zwischen  den  Zenerdioden  (76,  78)  verbunden  ist. 
6.  Die  Schaltung  nach  Anspruch  1,  mit  einem  Kondensator  (87),  der  zwischen  die  erste  und  zweite 

Transistor-Vorrichtung  (84,  86)  geschaltet  ist. 
7.  Die  Schaltung  nach  Anspruch  6,  wobei  die  Transistor-Vorrichtungen  (84,  86)  als  Emitterfolger 

25  geschaltet  sind. 
8.  Die  Schaltung  nach  Anspruch  1  oder  Anspruch  2,  mit  einer  Vorrichtung  (10)  zum  Anlegen  eines 

Bezugssignals  an  einem  nicht-invertierenden  Eingang  der  ersten  Verstarker-Vorrichtung  (40). 
9.  Die  Schaltung  nach  Anspruch  8,  mit  einem  Kondensator  (46),  der  in  Reihe  zwischen  die 

Bezungssignal-Vorrichtung  (10)  und  die  erste  Verstarker-Vorrichtung  (40)  geschaltet  ist. 
30  10.  Die  Schaltung  nach  Anspruch  9,  abhangig  vom  Anspruch  2,  mit  Vorrichtungen  zum  Betreiben  der 

ersten  Verstarker-Vorrichtung  (40)  selektiv  als  Verstarker  und  Vergleicher,  wobei  die  Begrenzungs- 
Vorrichtungen  eine  Sattigung  der  als  Vergleicher  betriebenen  ersten  Verstarker-Vorrichtung  (40) 
verhindern. 

35  Revendications 

1.  Circuit  (14)  connectable  a  une  premiere  (+V)  et  une  seconde  (-V)  sources  de  tension  pourfoumir  a 
un  premier  moyen  amplificateur  (40)  des  premiere  et  seconde  tensions  d'alimentation  stabilisees 
comprenant 

40  un  premier  (81)  et  un  second  (86)  transistors  connectes  en  serie  entre  les  dites  premiere  (+V)  et 
seconde  (-V)  sources  de  tension  et  ayant  des  sorties  (88,  91  )  fournissant  respectivement  lesdites  premiere 
et  seconde  tensions  d'alimentations  stabilisees; 

un  premier  et  un  second  dispositifs  regulateurs  de  tension  (76,  78)  connectes  en  serie  entre  lesdites 
sources  de  tension  (+V,  —V),  lesdits  dispositifs  regulateurs  (76,  78)  ayant  une  chute  de  tension 

45  sensiblement  constante  comme  fonction  d'au  moins  un  ecoulement  de  courant  de  seuil  a  travers  eux,  les 
sorties  des  dits  dispositifs  regulateurs  de  tension  (76,  78)  commandant  respectivement  les  dits  premier  (84) 
et  second  (86)  transistors; 

un  second  moyen  amplificateur  (66)  pour  commander  une  entree  des  dits  premier  et  second  dispositifs 
regulateurs 

so  un  premier  moyen  d'application  d'un  signal  d'entree  a  des  entrees  non-inverseuses  des  dits  premier  et 
second  moyens  amplificateurs  (66,  40),  et 

un  second  moyen  (45,  73,  72,  70)  d'application  d'une  sortie  du  dit  premier  moyen  amplificateur  (40)  a 
une  entree  inverseuse  dudit  second  moyen  amplificateur  (66); 

grace  a  quoi  les  tensions  d'alimentation  suivant  les  signaux  d'entree  appliques  au  dit  premier  moyen 
55  amplificateur  (40)  pour  eliminer  un  signal  de  mode  commun  de  la  sortie  (45)  du  dit  premier  moyen 

amplificateur  (40). 
2.  Circuit  selon  la  revendication  1,  dans  lequel  le  dit  second  moyen  (45,  73,  72,  70)  comprend  un  moyen 

limiteur  de  tension  (73,  72)  pour  limiter  I'amplitude  du  signal  applique  par  ledit  premier  moyen 
amplificateur  (40)  audit  second  moyen  amplificateur  (66),  grace  a  quoi  I'amplitude  des  dites  premiere  et 

so  seconde  sources  d'alimentations  stabilisees  sont  limitees  pour  empecher  la  saturation  dudit  premier 
moyen  amplificateur  (40). 

3.  Circuit  selon  la  revendication  1,  dans  lequel  lesdits  dispositifs  regulateurs  comprennent  des  diodes 
ZENER  (76,  78). 

4.  Circuit  selon  la  revendication  2,  dans  lequel  ledit  moyen  limitateur  comprend  une  paire  de  diodes 
65  Zener  (73,  72)  connectees  dos-a-dos. 
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5.  Circuit  selon  la  revendication  3  dans  lequel  la  sortie  dudit  second  moyen  amplificateur  (66)  est 
connectee  a  une  jonction  entre  lesdites  diodes  Zener  (76,  78). 

6.  Circuit  selon  la  revendication  1,  comprenant  un  condensateur  (87)  connecte  entre  desdits  premier  et 
second  transistors  (84,  86). 

5  7.  Circuit  selon  la  revendication  6,  dans  lequel  lesdits  transistors  (84,  86)  sont  connectes  comme 
emetteurs  suiveurs. 

8.  Circuit  selon  la  revendication  1  ou  2  comportant  un  moyen  (10)  pourappliquerun  signal  de  reference 
a  une  entree  non  inverseuse  dudit  premier  moyen  amplificateur  (40). 

9.  Circuit  selon  la  revendication  2  et  8  comprenant  un  condensateur  (46)  connecte  en  serie  entre  ledit 
io  moyen  (10)  d'application  du  signal  de  reference  et  ledit  premier  moyen  amplificateur  (40). 

10.  Circuit  selon  la  revendication  9,  et  tant  que  dependant  de  la  revendication  2,  comprenant  un  moyen 
pour  actionner  ledit  premier  moyen  amplificateur  (40)  selectivement  comme  un  amplificateur  et  un 
comparateur,  ledit  moyen  limiteur  empechant  la  saturation  dudit  premier  moyen  amplificateur  (40) 
actionne  comme  un  comparateur. 
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