
 47

Par t  I V                  THE DI GI TAL ERA       1966- Pr esent   
 
4. 1 Comment   
   Measur i ng i nst r ument s wi t h di gi t al  r eadout s have t he advant ages of  hi gh 
r esol ut i on and of  not  r equi r i ng v i sual  i nt er pol at i on of  an anal og scal e.  
Per haps even mor e i mpor t ant  t oday i s  t hei r  abi l i t y  t o pass dat a t o a comput er  
t hus avoi di ng t he possi bi l i t y  of  human er r or  i n t he r eadi ng and r ecor di ng of  
measur ement  dat a and el i mi nat i ng t he t i me i t  t akes f or  a human t o per f or m 
t hese f unct i ons.  Mor eover ,  once t he dat a i s  passed on t o a comput er ,  i t  can 
be used t o per f or m t he over al l  t ask f or  whi ch t he measur ement  was made:  
sor t i ng component s,  cont r ol l i ng pr ocesses,  char act er i z i ng net wor ks,  st udyi ng 
mat er i al s,  cal i br at i ng i mpedance st andar ds et c.  The human oper at or  now get s 
t he f i nal  out put ,  what  he r eal l y  want s,  and need not  be concer ned wi t h t he 
r esul t  of  any s i ngl e measur ement .  Measur i ng i nst r ument s have become t he 
i nt er f ace bet ween t he physi cal  wor l d and t he comput er  wor l d,  a cr i t i cal  par t  
of  t he " i nf or mat i on age" .   
 
4. 2 Di gi t al  DC Met er s 
   The f i r s t  i nst r ument s wi t h di gi t al  r eadout s wer e count er s,  t i mer s and 
f r equency met er s t hat  wer e compl et el y di gi t al  i n nat ur e and needed no anal og-
t o- di gi t al  conver s i on.  Ear l y di gi t al  vol t met er s compar ed t he unknown vol t age 
t o t he out put  of  a pr eci s i on D/ A conver t er  or  used i nt egr at i ng met hods such 
as vol t age- t o- f r equency conver t er s or  pul se- wi dt h modul at or s.  Many ot her  A/ D 
t echni ques qui ck l y became avai l abl e,  but  t he most  i mpor t ant  f or  pr eci s i on 
met er s of  al l  sor t s was t he dual - s l ope or  up- down i nt egr at or  whi ch was 
descr i bed i n a 1966 paper  by H.  Schmi dt 1 and i s  r el at ed t o a modi f i cat i on of  
t he i nt egr at i ng pul se- wi dt h modul at or  pat ent ed by R.  W.  Gi l ber t 2 i n 1963.  Thi s 
c i r cui t  not  onl y conver t s an anal og vol t age t o a di gi t al  number ,  i t  al so 

makes a di v i s i on,  t he r at i o of  t wo vol t ages,  
t he one t hat  dr i ves t he i nt egr at or  vol t age up 
and t he ot her ,  of  t he opposi t e s i gn,  t hat  
dr i ves i t  down,  see f i gur e 4- 1.  The up s l ope 
occur s f or  a f i xed t i me i nt er val ,  a f i xed 
number  of  pul ses,  N1,  of  a HF c l ock.  The t i me 
of  down s l ope depends on t he down vol t age and 
i s  measur ed as a count  N2 t hat  st ops when t he 
out put  vol t age r et ur ns t o zer o.  Thus t he r at i o 
of  t he t wo vol t ages i s  t he r eci pr ocal  of  t he 
r at i o of  t he t wo t i me i nt er val s or  t he t wo 
count s.  I n a dc vol t met er  t hi s r at i o i s  t hat  
of  t he unknown vol t age t o a vol t age st andar d.   
   Di gi t al  met er s of  al l  t ypes qui ck l y became 
ver y popul ar  and coul d be ver y pr eci se because 
t he accur acy was not  l i mi t ed t o t he r esol ut i on 
of  an anal og met er  scal e.  Many di gi t al  
mul t i met er s ( DMMs,  di gi t al  vol t met er s t hat  
al so measur e cur r ent  and r esi st ance)  measur e 

r esi st ance by connect i ng t he DUT t o a pr eci s i on 
cur r ent  sour ce and measur i ng t he vol t age acr oss 
i t .  On t he ot her  hand most  of  t hem t ake t he 
r at i o of  t he vol t age acr oss t he DUT t o t he 
cur r ent  t hr ough i t ,  t he cur r ent  bei ng measur ed 
as t he vol t age acr oss a st andar d r esi st or  i n 
ser i es wi t h t he DUT.  Thi s has t he advant age 
t hat  t hei r  accur acy i s  not  dependent  on t he 
st abi l i t y  of  a cur r ent  sour ce.  Di gi t al  mi l l i -
ohmmet er s and mi cr o- ohmmet er s appl y mor e 
cur r ent  t o ver y l ow- val ued r esi st or s t han do 
DMMs and t hus get  bet t er  accur acy at  t hese 
val ues.  For  exampl e t he ESI  Model  1700 ( f i gur e 
4- 2)  whi ch,  i t h t he SP 3779 pl ug- i n uni t ,  
appl i es 1 amper e and can r esol ve 0. 1 mW.  
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    Di gi t al  r es i st ance l i mi t  br i dges can be used wi t h pr eset ,  i nt er nal  or  
ext er nal ,  di gi t al  l i mi t  compar at or s f or  aut omat i c sor t i ng t o per cent  
t ol er ances.  DMMs t hat  r ead r esi st ance,  not  per cent  devi at i on,  r equi r e l i mi t s 
expr essed i n r esi st ance val ues r at her  t han per cent .  Lat er ,  " smar t "  met er s 
cal cul at ed t he per cent  devi at i on f r om t he r esi st ance r eadi ng and a nomi nal  
r esi st ance val ue t hat  had been ent er ed i nt o memor y.     
     

Anal og- t o- di gi t al  met hods wer e appl i ed t o 
megohmmet er s such as t he Beckman Model  L-
9 ( f i gur e 4- 3) ,  but  most  a appl i cat i ons 
of  megohmmet er s,  such as l eakage 
r esi st ance measur ement s,  r equi r e onl y l ow 
ac cur acy and t hus hi gh- r esol ut i on 
di gi t al  r eadout s ar e of  l i t t l e advant age 
except  f or  l oggi ng dat a or  set t i ng 
l i mi t s.  However ,  measur i ng pr eci s i on,  
hi gh- val ued r esi st or s r equi r es t he best  possi bl e accur acy and t he Gui l dl i ne 
Ter aohmmet er ,  t ype 9520 ( f i gur e 4- 4)  t hat  was based on a desi gn by H.  Tsao3 
of  NRC was by f ar  t he most  accur at e,  mor e accur at e t han most  megohm br i dges.  
I t  measur ed 100 MW t o . 035%,  1 TW t o . 2% and 1 EW ( 1015 ohm)  t o 1%.  I t  t oo 
uses an i nt egr at or  but  t he i nt egr at or  r esi st ance i s  t he r esi st ance bei ng 
measur ed and t he capaci t ance i s  an ai r  capaci t or  t o keep t he l eakage cur r ent  
negl i gi bl e.  A r evi sed ver s i on of  t hi s i nst r ument  i s  st i l l  one of  t he most  
accur at e of  t hi s t ype.   
 
4. 3 Ac Di gi t al  Met er s  
   Di gi t al  ac i mpedance met er s al so use t he dual - s l ope i nt egr at or  t o make t he 
vol t age/ cur r ent  di v i s i on but  t hey r equi r ed phase- sensi t i ve det ect or s t o 
suppl y t he cor r ect  dc vol t ages.  Exampl es of  met er s t hat  measur ed capaci t ance 
wer e t he ear l y  ( 1960)  El ect r o- I nst r ument s ser i es CD Di gi t al  Capaci t ance Met er  
( f i gur e 4- 5)  and t he Mi cr o I nst r ument s 5300 ser i es Capaci t ance Test er  ( c1965)  
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( f i gur e 4- 6) .  Di gi t al  i mpedance met er s t hat  measur ed R,  L and C wer e t he ESI  
Model  251,  f i gur e 4- 7 and t he GR 1685,  f i gur e 4- 8.  These i nst r ument s had 
accur aci es of  0. 25% or  so,  some t o 0. 1%,  and t hey compet ed wel l  wi t h gener al -
pur pose br i dges.  They had t wo di sadvant ages.  Havi ng no memor y,  t hey coul d 
onl y make one di v i s i on at  a t i me and t hus t hey coul d measur e and di spl ay t he 
mai n component  ( R,  L or  C)  or  t he phase component  ( D or  Q) ,  but  not  bot h 
s i mul t aneousl y.  Al so t hei r  phase accur acy,  par t i cul ar l y  accur acy of  l ow D 
measur ement s,  was l i mi t ed by t he abi l i t y  of  get t i ng a pr eci se 90° phase shi f t  
f or  t he necessar y phase r ef er ence s i gnal .  
                

     The GR 1685 and most  ot her  met er s 
used an i nver t er  ampl i f i er  and st andar d 
r esi st or  as t he cur r ent  det ect or ,  as 
shown i n f i gur e 4- 9.  The ampl i f i er  
br ought  t he j unct i on of  Zx and Rs near  
gr ound pot ent i al  so t hat  t her e was l i t t l e cur r ent  t hr ough a l oadi ng 
capaci t ance,  CL,  t hus keepi ng t he er r or  smal l .  The er r or  due t o CL

 i s  wCLRS/ K 
wher e K i s  t he open- l oop at  t he t est  f r equency.  Whi l e t hi s scheme i s usual l y  
adequat e at  l ower  f r equenci es f or  r easonabl e l oadi ng capaci t ances,  i t  becomes 

poor er  at  hi gher  f r equenci es wher e K i s  gr eat l y  decr eased and t he l oadi ng 
admi t t ance of  st r ay capaci t ance i ncr eased.  HP ( Yokagawa- Hewl et t  Packar d or  
YHP)  devel oped a i nt egr at i ng- modul at i ng scheme f or  t hei r  t ype 4271 1 MHz 
met er 4 i n whi ch t hi s j unct i on poi nt  was br ought  t o gr ound by an aut omat i c 
“ br i dge”  bal ance t hat  had ver y hi gh ef f ect i ve l oop gai n ( f i gur e 4- 10) .  The 
vol t ages acr oss t he unknown and t he st andar d wer e st i l l  measur ed by a dual -
s l ope conver t er  as i n ot her  met er s,  t he " br i dge"  onl y i mpr oved t he guar di ng 
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capabi l i t y .  HP used t hi s mi cr opr ocessor - based Z met er s.  Thi s i nst r ument  had 
t wo dual - s l ope det ect or s so t hat  i t  coul d i ndi cat e C and D,  C and G or  L and 
R s i mul t aneousl y.  

 
   Anot her  c l ass of  di gi t al  met er s was t hat  of  
smal l ,  hand- hel d capaci t ance met er s.  Whi l e t hese 
wer e ver y usef ul  and i nexpensi ve,  many of  t hem,  
such as t ype 938 by Dat a Pr eci s i on ( 1979)  
( f i gur e 4- 11) ,  used RC char ge- di schar ge met hods 
r at her  t han s i nusoi dal  s i gnal s so t hat  t hei r  
measur ement s of  f r equency- dependent  capaci t or s,  
such as t hose wi t h el ect r ol yt i c  or  hi gh- K 
cer ami c di el ect r i cs,  di d not  agr ee wi t h t hose 
made at  t he i ndust r y- speci f i ed t est  f r equenci es.  
Lat er  ot her  hand- hel d met er s,  such as t he 
AVO/ Bi ddl e B183,  di d use st andar d t est  
f r equenci es and measur ed i nduct ance and 
r esi st ance as wel l  as capaci t ance.     
 
 
4. 4 Aut omat i c AC Br i dges  
   Sever al  at t empt s 
wer e made t o 

mechani cal l y  aut omat e t he bal anci ng pr ocess so t hat  
t he accur acy of  br i dges coul d be combi ned wi t h t he 
speed and ease of  use of  a met er .  I n 1951 Gr aham5 
descr i bed a compl ex i nduct ance br i dge usi ng phase-
sensi t i ve det ect or s and ser vo mot or s t hat  dr ove a 
var i abl e r esi st or  and an i nduct or .  Fr i schman6 
aut omat ed a GR 716- C Scher i ng br i dge f or  di el ect r i c  
measur ement s i n 1960 by dr i v i ng i t s  var i abl e 
capaci t or s i n a s i mi l ar  manner .  Bar nes al so 
mechani cal l y  aut omat ed a GR 1611 f or  hi gh 
capaci t ance measur ement s,  t hei r  t ype 61,  see f i gur e 
4- 12.  Rohde & Schwar z al so had a mot or - dr i ven 
br i dge “ f or  heavy cur r ent  capaci t or s” ,  t hei r  t ype 
KVZA ( f i gur e 4- 13) .  Si mmonds Aer ocessor i es,  I nc.  
made a mechani cal l y  aut omat ed br i dge of  t hei r  own 
desi gn ( model  387011)  f or  t est i ng capaci t i ve f uel  
gages.   
    An i nt er est i ng devel opment  was t he " semi -
aut omat i c"  HP 4260A Uni ver sal  Br i dge,  devel oped by 
a t eam at  YHP under  Yoshi mot o7,  see f i gur e 4- 14.  
The mai n br i dge adj ust ment ,  t he R,  L or  C bal ance,  
was manual l y  made but  t he secondar y ( D or  Q)  
bal ance was an el ect r i cal l y  var i abl e component ,  t he 
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ac r esi st ance of  di odes dr i ven by t he 
phase- det ect ed br i dge out put .  Thi s made t he 
mai n bal ance easi er ,  par t i cul ar l y  when 
t her e i s  i nt er act i on bet ween t he bal ances,  
t he so- cal l ed “ s l i di ng nul l ”  of  most  RLC 
br i dges had when measur i ng l ow- Q i nduct or s.  
The D or  Q val ue was not  det er mi ned 
aut omat i cal l y ,  but  i f  t hese val ues wer e 
desi r ed,  a manual l y- bal anced r heost at  coul d 
be subst i t ut ed f or  t he di odes and t hat  
bal ance coul d t hen be made qui ck l y.  Rohde & 
Schwar z had a somewhat  s i mi l ar  uni t ,  t he 
" RLCB"  br i dge,  desi gned by Schmi dt  and 
Kol be8,  t hat  al so used di odes as t he 
el ect r i cal l y  var i abl e br i dge component ,  see 
f i gur e 4- 15.  A pat ent  by What l ey9 f i l ed i n 
1965 had pr oposed usi ng phot o di odes.  
Wayne- Ker r  made a " Push- But t on"  br i dge,  t he B641,  whose di gi t al  adj ust ment  as 
made sequent i al l y  by manual  but t ons gui ded by a met er  i ndi cat i on,  see f i gur e 
4- 16,  usi ng a met hod descr i bed by Cal ver t  and Mi l dwat er 10 i n 1963.  
    A mi l est one was r eached i n 1965 wi t h t he i nt r oduct i on of  t he f i r s t  
di gi t al l y- bal anced aut omat i c capaci t ance br i dge,  t he GR 1680,  devel oped by 
R. G.  Ful ks11.  Thi s used t r ansi st or - swi t ched,  wei ght ed- conduct ance,  di gi t al - t o-
anal og conver t er s t o adj ust  t he bal ance of  an act i ve t r ansf or mer - r at i o- ar m 
br i dge c i r cui t ,  see f i gur e 4- 17.  The br i dge unbal ance vol t age was sampl ed and 
phase det ect ed and t he r esul t  dr ove r ever s i bl e count er s t hat  dr ove t he D/ A 
conver t er s unt i l  a nul l  was r eached.  Al t er nat el y,  each di gi t  coul d be 
bal anced separ at el y,  s t ar t i ng wi t h t he f i r s t ,  a t echni que t hat  al l owed a 
f ast er  bal ance.  The di gi t al  i nput s t o t he conver t er s at  bal ance wer e t he 
di gi t al  out put s.  Ext er nal  s i gnal s coul d cont r ol  t he t est  condi t i ons and t he 
“ st ar t ”  pul se and t he di gi t al  out put  was avai l abl e on a r ear  connect or .  As a 

r esul t  t he 1680 was used i n many 
aut omat i c t est  syst ems,  usual l y  wi t h 
a DEC PDP- 8 comput er .  One mi ght  not e 
t hat  t hi s i nst r ument  was desi gned 
bef or e anal og or  di gi t al  i nt egr at ed 
c i r cui t s  wer e avai l abl e and t hus used 
onl y t r ansi st or s,  mor e t han 250 of  
t hem.     
    The GR 1680 measur ed equi val ent  
par al l el  C and G and al so D.  I t  coul d 
al so measur e negat i ve capaci t ance so 
t hat  i t  coul d bal ance an i nduct ance 
but  a cal cul at i on was necessar y t o 
get  t he val ue ( L = - 1/ � 2C) .  The l at er  
GR t ype 1683 by Coughl i n12 measur ed 
ser i es R,  L,  and C usi ng sever al  
di f f er ent  act i ve br i dge 
conf i gur at i ons whi ch wer e act i ve 
modi f i cat i ons of  t he basi c br i dges i n 
t he ol d manual  " uni ver sal "  br i dges.  
Agai n,  t he var i abl e el ement s wer e 
swi t ched- conduct ance D/ A conver t er s.  
Mi cr o I nst r ument s Co.  made a 1 MHz 
Aut omat i c Br i dge,  t he Model  6201,  as 
di d GR.  Thei r  t ype 1682 by Set t e13 
was a t r ansf or mer - r at i o- ar m br i dge 
t hat  swi t ched capaci t or s of  wei ght ed 
val ue t o get  t he bal ance.   Ot her  
Aut omat i c br i dges wer e made by 
Hewl et t - Packar d i n t he US,  and 
Mar coni ,  Cul t on and Wayne- Ker r  i n t he 
UK and Kohan i n Japan.   

 



 52

4. 5 Comput er - Br i dge Syst ems.  
    Many ear l y  component - sor t i ng syst ems had no comput er  but  used i nst ead 
di gi t al  l i mi t  compar at or s14.  The component  handl er  i ni t i at ed t he measur ement  
and,  when t he measur ement  was compl et e,  t he di gi t al  br i dge out put  was 
compar ed t o pr eset  l i mi t s and t he handl er  was i ndexed st ar t i ng t he next  
cycl e.  However ,  i f  t he syst em i ncl uded a comput er ,  component s coul d be sor t ed 
i n many cat egor i es ( " bi ns" )  and t hus i t  of t en pai d t o use a comput er  r at her  
t han sever al  separ at ed l i mi t  compar at or s.  Mor eover ,  t he comput er  gave many 
ot her  advant ages:  cont r ol ,  memor y,  pr i nt er  i nt er f ace et c.  
   But  t he br i dge- comput er  combi nat i on al l owed 
mor e t han j ust  sor t i ng.  Many speci al  pur pose 
syst ems wer e desi gned t o do what  coul dn' t  have 
been done bef or e.  A good exampl e was t est i ng 
mul t i pl e- pai r  t el ephone cabl es.  A syst em by 
Ful ks and Lamont 15 used t he 1680 aut omat i c br i dge 
t o t est  t el ephone cabl es wi t h 100 t wi st ed pai r s 
f or  cr osst al k bet ween t hem. .  Usi ng onl y guar ded 
capaci t ance measur ement s,  i t  cal cul at ed mut ual  
capaci t ance and unbal ance t o gr ound and t hen 
measur ed al l  4950 pai r - t o- pai r  combi nat i ons f or  
unbal ance bet ween pai r s.  Pr evi ousl y onl y manual ,  
sampl i ng measur ement s had been made and t hey 
t ook much mor e t i me t han t he aut omat i c syst em.  
   An aut omat ed,  pr eci s i on,  r esi st ance- measur i ng 
syst em was devel oped by Ger aci  et  al 16 i n 1969.  
An aut omat i c cal i br at i on syst em desi gned f or  t he 
US Ar my was descr i bed by Seel ey & Bar r on17 t hat  
cal cul at ed many i mpedance quant i t i es,  ac as wel l  
as dc,  f r om aut omat i c measur ement s on basi c 
vol t age and r esi st ance st andar ds.  A 50 Hz t o 250 
MHz,  t r ansmi ssi on measur i ng syst em by Gel dar t ,  
Haymi e and Schl ei ch18 of  Bel l  Labs cal cul at ed a 
var i et y of  par amet er s f r om aut omat i c 
measur ement s and st or ed cal i br at i on const ant s.  
Al so mi cr owave t est  syst ems wer e aut omat ed such 
as t hat  by Adam19.   
 
4. 6 Comput er s i n Br i dges and Met er s 
    When comput er s came on s i ngl e c i r cui t  boar ds,  such as t he DEC LSI - 11,  t he 
comput er  coul d be i ncor por at ed wi t h i nst r ument s i n t he same box as was done 
i n t he GR 2230 Passi ve Test  Syst em t hat  measur ed dc quant i t i es as wel l  as ac 
i mpedance.  Unl i ke ear l i er  aut omat i c br i dges,  t he ac br i dge i n t hi s syst em 
desi gned by Kabel e20 ( 1975)  ( see f i gur e 4- 18)  depended on t he comput er ;  i t  
coul d not  oper at e wi t hout  i t .  Besi des cont r ol l i ng t he br i dge bal ance,  t he 

comput er  cal cul at ed t he desi r ed 
par amet er s.  The br i dge i t sel f  measur ed 
onl y par al l el  C and G,  but  t he comput er  
cal cul at ed not  onl y ser i es and par al l el  
C and R,  and D and Q,  i t  al so 
cal cul at ed i nduct ance f r om negat i ve 
capaci t ance.  Thus,  because of  t he 
comput er ,  t he br i dge di d not  have t o be 
" di r ect  r eadi ng"  i n t he desi r ed 
measur ement  par amet er  and onl y one 
br i dge c i r cui t  was needed t o measur e 
al l  i mpedance par amet er s.       
   When smal l ,  i nexpensi ve 
mi cr opr ocessor s wer e avai l abl e t hey 
coul d be put  i n an i nst r ument .  The 
f i r s t  mi cr opr ocessor - cont r ol l ed br i dge 
was t he BEC 76A,  Aut omat i c Capaci t ance 
Br i dge f i gur e 4- 19,  desi gned by R.  C.  
Lee21 ( 1976) .  Besi des cont r ol l i ng t he 
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br i dge,  t he mi cr opr ocessor  cal cul at ed 
ser i es C and R,  as wel l  as D and Q,  
f r om t he par al l el  C and G bal ance 
val ues.  I t  al so cal cul at ed t he per cent  
devi at i on of  t he measur ed val ue f r om 
an ent er ed val ue and i t  appl i ed st or ed 
zer o cor r ect i ons.   These ar e i mpor t ant  
f eat ur es t hat  ar e now i ncl uded i n al l  
cur r ent  i mpedance measur i ng 
i nst r ument s.  The ESI  296 Aut o LCR 
Met er  ( 1976)  was a mi cr opr ocessor -
cont r ol l ed i mpedance met er  t hat  
conver t ed t he r esul t s  i nt o many 
par amet er  combi nat i ons as wel l  as 
per cent  devi at i on f r om an ent er ed L,  R 
or  C val ue ( f i gur e 4- 20) .   
 
4. 7 Comput i ng I mpedance Met er s 
   The mi cr opr ocessor  coul d do mor e t han cont r ol  a br i dge and oper at e on t he 
r esul t s ;  i t  coul d change t he basi c measur ement  met hod,  combi ni ng t he speed of  
di gi t al  met er s wi t h t he accur acy of  aut omat i c br i dges and at  a l ower  cost  
t han ei t her .  The mi cr opr ocessor  coul d make a compl ex di v i s i on and t hus 
cal cul at e compl ex i mpedance usi ng t he ac ver s i on of  Ohm' s Law,  Z = E/ I .   The 
cur r ent  was measur ed by pl aci ng a st andar d r esi st or  i n ser i es wi t h t he DUT 
and measur i ng t he vol t age acr oss each sequent i al l y ,  wi t h t he same ampl i f i er  
and A/ D conver t er  ( see t he s i mpl i f i ed di agr am i n f i gur e 4- 21) .  Because t he 
same det ect or  was used f or  bot h measur ement s,  i t s  gai n and phase shi f t  had no 
ef f ect ,  t hey cancel ed i n t he di v i s i on.  Mor eover ,  t he t wo phase r ef er ences,  
whi ch wer e used t o get  t he quadr at ur e component s of  each vol t age,  needed onl y 
t o be at  90° wi t h each ot her ,  t hei r  phase r el at i onshi p t o t he vol t age or  
cur r ent  of  t he DUT had no ef f ect .  Thi s al l owed t he 90° phase r el at i onshi p t o 
be made easi l y  by di gi t al  means and,  as a r esul t ,  t he met hod gave ver y good 
phase accur acy as wel l  as magni t ude accur acy i f  an A/ D wi t h hi gh r esol ut i on 
and l i near i t y  was used.  The mi cr opr ocessor  cal cul at ed any i mpedance quant i t y  
f r om t he measur ed compl ex vol t age r at i o and t he known val ue of  t he cur r ent -
measur i ng st andar d r esi st or .    

    Thi s met hod was f i r s t  used on t he GR 
1657 " Di gi br i dge� "  i n 1976,  f i gur e 4- 21,  
desi gned by Gi pe,  Hal l  and Sul l i van22.  I t s  
name was a mi snomer  f or  i t  was a r eal l y  a 
met er ,  not  a bal anced br i dge,  al t hough 
" br i dge"  was ( and st i l l  i s)  of t en l oosel y 
used t o r ef er  t o any i mpedance measur i ng 
devi ce.   Thi s was onl y a 0. 2% i nst r ument  
( . 001 i n D) ,  but  was much l ess expensi ve 
t han aut omat i c br i dges of  compar abl e 
accur acy.  GR was ver y hesi t ant  t o 
descr i bed t he oper at i on of  t hei r  new 

i nst r ument s i n any det ai l  i n a paper  
even t hough t he i nst r uct i on manual  f or  
t he 1657 gave t he f ul l  c i r cui t  di agr am.  
As a r esul t ,  t he best  descr i pt i on of  t he 
new met hod was i n t he HP Jour nal 23 i n 
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t hei r  descr i pt i on of  t he HP model s 4274A ( f i gur e 4- 22)  and 4575A t hat  use t he 
same basi c met hod ( but  wi t h t he f r ont - end c i r cui t  of  f i gur e 4- 10) .  These 
i nst r ument s wer e desi gned by Maeda and Nar i mat su of  YHP.   

    GR f ol l owed t he 1657 wi t h i nst r ument s 
wi t h t i ght er  and t i ght er  speci f i cat i ons,  
wi der  r anges and a keyboar d t hat  al l owed 
numer i c ent r y as wel l  as sel ect i on of  
par amet er s and t est  condi t i ons.  The l ast  
of  t he l i ne,  t he GR 1693 ( f i gur e 4- 23)  
had an accur acy of  . 02% at  1 kHz and went  
f r om 12 Hz t o 200 kHz.  ( Thi s i nst r ument  
and ot her  Di gi br i dges�  ar e now sol d by 
I ET Labs) .  The GR 1693,  l i ke ot her  
pr eci se i nst r ument s of  t hi s t ype,  i s  
cal i br at ed by ext er nal  s t andar ds r at her  
t han r el y i ng on t he accur acy of  t he r ange 
r esi st or s.  Thus t hey can be r ecal i br at ed 
r egul ar l y  and t he act ual  val ue of  t hei r  
i nt er nal  s t andar ds was not  cr i t i cal .  As 
wi der  f r equency r anges wer e used,  

cal i br at i ons wer e made at  sever al  
f r equenci es wi t h cal cul at ed cor r ect i ons 
at  t he i nt er medi at e f r equenci es.  Not e 
t hat  t he f r equency used has t o be 
pr eci sel y known i n or der  t o cal cul at e 
capaci t ance and i nduct ance accur at el y.  
I nexpensi ve cr yst al  osci l l at or s ar e 
accur at e enough f or  many of  t hese 
i nst r ument s but  t he most  accur at e have 
t hei r  f r equency cal i br at ed agai nst  an 
ext er nal  s t andar d and a cor r ect i on 
ent er ed.     

    Most  of  t hese i nst r ument s had t wo 
di spl ays,  pr i mar y ( RLCZ)  and secondar y 
( DQ et c)  t hat  used l i ght  -  emi t t i ng 
di odes ( LEDs)  and some met hod of  
di spl ayi ng uni t s  and t est  condi t i ons.  
The ESI   Type 2100/ 2110 " Vi deoBr i dge"  
( f i gur e 4- 24) ,  desi gned by N.  Mor r i son,  
has a CRT r eadout  t hat  gave a hi gh 
r esol ut i on r eadout  and al so di spl ayed 
t he uni t s ,  t he t est  f r equency and 
vol t age and ot her  i nf or mat i on.  Lat er ,  
l i qui d- cr yst al  di spl ays ( LCDs)  wer e used 
whi ch coul d di spl ay a l ot  of  i nf or mat i on 
wi t hout  t he di sadvant ages of  CRTs ( hi gh 
vol t age,  noi se,  power  consumpt i on and 
cost ) .   

       

Mi cr opr ocessor - based di gi t al  i mpedance met er s 
wer e or  ar e st i l l  made by at  l east  t went y 
compani es i nc l udi ng Agi l ent  ( f or mer l y HP) ,  
Quadt ech,  St anf or d Resear ch ( see f i gur e 4- 25) ,  
Wayne Ker r  ( f i gur e 4- 26)  and Ti nsl ey ( UK) ,  
Kei t hl ey,  Fl uke/ Phi l i ps,  Danbr i dge ( Denmar k) ,  
Chen Hwa and Chr oma ( Tai wan) ,  Hi oki  ( Japan) ,  
Goodwi l l  ( Kor ea,  f i gur e 2- 27) ,  Combi nova 
( Sweden)  and HuGuang and MPC ( PRC) ,  see 
appendi x C.  Tegam sel l s  many of  t he i nst r ument s 
of  t he ESI  l i ne and I ET Labs acqui r ed t he GR 
Di gi br i dgeÔ  l i ne of  i nst r ument s.   



 55

     
  These i nst r ument s ar e al l  qui t e s i mi l ar  i n pr i nc i pl e,  i f  not  i n appear ance,  
and most  al l  have ext r emel y wi de r ange of  R,  C and L,  good 3- t er mi nal  
( guar di ng)  and 4- t er mi nal  ( “ Kel v i n” )  capabi l i t y .  They al so  have t he 
advant ages of  speed,  some up t o 50 or  mor e measur ement s per  second,  t he 
cur r ent  r ecor d bei ng 5. 6 ms measur ement s set  by t he Agi l ent  ( f or mer l y HP)  
E4980A.  Many have onl y l ow- f r equency capabi l i t y  but  many ot her s sever al  can 
go up t o 1 MHz such as HP’ s 4284,  f i gur e 4- 28 and t he QuadTech 7600,  f i gur e 
4- 29.  Agi l ent ’ s  ext ensi ve l i ne of  RLC met er s al so ext ends up t o much hi gher  
f r equenci es wi t h t he ol der  4275 ( 1978)  t hat  goes t o 10 MHz and t he 4285 t hat  
goes t o 30 MHz.  They al so have r epl aced t hei r  ol d anal og- di spl ay Vect or  
di gi t al  di spl ay of  magni t ude and phase and oper at es up t o 110 MHz.  Thi s makes 
t wo- t er mi nal  measur ement s as does t hei r  
t ype 4191A RF I mpedance Anal yzer  t hat  
goes t o 1000 MHz and whi ch measur es R,  L,  
C,  D and Q as wel l  as | Z| , | Y| , | G|  and q 
( f i gur e 4- 30) .  

   
 
 
 
  A not ewor t hy met er  wi t h speci al  
capabi l i t y  i s  t he Wayne- Ker r  I nduct ance 
Anal yzer ,  model  3245 ( f i gur e 4- 31) .  
Besi des measur i ng t he usual  ac i mpedance 
par amet er s over  a wi de f r equency r ange i t  
al so measur es dc r esi st ance and t ur ns 
r at i o.  I t  suppl i es an ac s i gnal  l evel  up 
t o 5 vol t s  and t he dc bi as needed t o t est  
i r on- cor ed t r ansf or mer s and chokes,  up t o 
1 amper e i nt er nal l y  and 100 amper es wi t h 
ext er nal  bi as uni t s .  
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4. 8  I nst r ument s i n Use Today 
   These mi cr opr ocessor - based i mpedance met er s have r epl aced al l  of  t he 
manual  RLC br i dges,  aut omat i c br i dges and t he ol der ,  non- comput i ng,  di gi t al ,  
and anal og met er s.  Some of  t he compani es t hat  made t hese ear l i er  i nst r ument s 
ar e st i l l  ar ound,  but  many of  t hem have di sappear ed,  ei t her  t hey have gone 
out  of  busi ness or  wer e bought  by ot her  compani es.   
    Many of  t hese mP based met er s have excel l ent  r epeat abi l i t y  maki ng t hem 
i deal  f or  t he compar i sons of  st andar ds of  s i mi l ar  val ue.  Some,  such as t he 
GR/ I ET Labs 1689 and 1693,  have ppm r esol ut i on f or  compar i son measur ement s 
and have a st andar d devi at i on at  1 kHz of  about  2 ppm f or  a 1 second 
measur ement .  These can make 3s compar i sons t o 1 ppm by aver agi ng f i f t y  
measur ement s,  of t en wi t h a t ot al  measur ement  t i me l ess t han t he t i me i t  woul d 
t ake t o bal ance a pr eci s i on br i dge.  As a r esul t  t hese met er s ar e used i n many 
st andar ds l abs f or  compar i ng st andar ds of  al l  t ypes.  These met er s ar e bet t er  
t han any commer ci al  br i dge f or  compar i son of  st andar d i nduct or s and hi gh-
val ued capaci t or s.  NI ST r ecogni zed t hi s and has used a GR 1689M � P- based 
met er  f or  compar i ng i nduct ance st andar ds24.    
   These met er s do have event ual  l i mi t at i ons i n bot h accur acy and pr eci s i on.  
Thei r  accur acy depends on t he l i near i t y  of  t hei r  ampl i f i er s and A/ D 
conver t er s,  but  i s  mai nl y l i mi t ed by t hei r  cal i br at i on and t he st abi l i t y  of  
t hei r  i nt er nal  s t andar ds.  These f act or s l i mi t  r at i o accur acy as wel l  and 
r at i o accur acy i s  needed f or  scal i ng i mpedance val ues.  ( Rat i o accur acy i s  not  
l i mi t ed by cal i br at i on accur acy i f  bot h measur ement s ar e made on t he same 
r ange. )  Thei r  pr eci s i on i s  l i mi t ed by A/ D r esol ut i on and event ual l y  by noi se.  
Manual  t r ansf or mer - r at i o- ar m ( TRA)  br i dges appl y hi gher  s i gnal  l evel s and 
t hus ar e l ess af f ect ed by noi se and t hey have ver y good r at i o accur acy.  Thus 
ol der  manual  pr eci s i on capaci t ance br i dges,  such as t he GR 1615 and 1616,  ar e 
st i l l  used f or  pr eci s i on capaci t ance cal i br at i ons.  However  t hey don’ t  have 
t he many advant ages of  comput er  cont r ol .   

   A hi gh- r esol ut i on,  aut o-
mat i cal l y  bal anced br i dge woul d 
be s l ow and expensi ve t o make 
because of  many swi t ches t hat  
woul d be r equi r ed.  Andeen-
Hager l i ng25 has sol ved t hi s 
pr obl em by maki ng a hybr i d 
combi nat i on of  a br i dge and 
met er ,  t hei r  Capaci t ance Br i dge 
model  2500A,  f i gur e 4- 32,  whi ch 
has 3 ppm accur acy and . 07 ppm 
r esol ut i on at  1 kHz.  Thi s 
i nst r ument  has an 8½ di gi t  
r eadout ,  t he f i r s t  t hr ee di gi t s  
ar e aut omat i cal l y- swi t ched,  
hi gh-  pr eci s i on capaci t or s and 

t he l ast  di gi t s  come f r om a hi gh- r esol ut i on A/ D conver t er .   Thi s i nst r ument  
i s  al so used by NI ST26 and by many st andar ds l abs as wel l .  
    Al t hough l ow- f r equency ac met er s can be used t o t est  most  r esi st or s,  
r esi st ance measur ement s ar e usual l y  made t oday usi ng di gi t al  dc mul t i met er s,  
bot h i n t he shop,  on t he pr oduct i on f l oor  
and i n t he l ab.  These,  except  f or  t he 
cheapest ,  ar e capabl e of  comput er  cont r ol  
and t he advant ages t hat  go wi t h i t .  Hand-
hel d,  di gi t al  vol t - ohmmet er s have r epl aced 
del i cat e,  l ess accur at e anal og met er s f or  
casual  use.  Comput er - cont r ol l ed di gi t al  
mul t i met er s,  DMMs,  ar e f ast  and accur at e 
enough t o r epl ace l i mi t  br i dges f or  
sor t i ng r esi st or s.  Some st andar di zat i on 
l abs st i l l  use t r adi t i onal  hi gh- r esol ut i on 
br i dges and r at i o set s f or  compar i ng 
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r esi st ance st andar ds,  but  many use 
pr eci s i on DMMs such as t he 8½ 
di gi t  Agi l ent  3458A ( f i gur e 4- 33)  
or  t he Fl uke 8508A ( f i gur e 4- 34)  
t hat  have accur aci es of  a f ew ppm 
and r esol ut i on bet t er  t han 0. 1 
ppm.  The Gui l dl i ne Cur r ent -
Compar at or  Br i dge i s  st i l l  one of  
t he best  i nst r ument s f or  scal i ng 
r esi st ance cal i br at i ons t o 
di f f er ent  val ues.  An al t er nat i ve 

i s  t o use ser i es- par al l el  r at i o boxes f or  scal i ng,  maki ng onl y 1: 1 
measur ement s wi t h a hi gh- r esol ut i on DMMs or  a convent i onal  DRRS.  The mai n 
l i mi t at i on of  DMMs i s at  ext r emel y l ow and ext r emel y hi gh val ues of  
r esi st ance.  Speci al i zed mi cr o- ohmmet er s appl y hi gher  cur r ent s and t hus get  
bet t er  r esol ut i on at  ver y l ow val ues.  At  ver y hi gh val ues,  anal og and di gi t al  
megohmmet er s appl y much hi gher  vol t ages f or  bet t er  sensi t i v i t y .  For  pr eci s i on 
hi gh- r esi st ance wor k,  t he updat ed Gui l dl i ne Ter aohmmet er ,  model   6520,  i s  
pr obabl y t he best .  
 
        
4. 9  A Long Way Fr om Ohm 
   The hi st or y of  i mpedance measur ement s i l l ust r at es t he changes i n t he 
sci ence of  el ect r i c i t y  and t he devel opment  of  el ect r oni cs f r om t he age of  t he 
ear l y  exper i ment er s t o t he comput er  age of  t oday.  The desi gner s of  i mpedance 
measur i ng i nst r ument s t ook advant age of  t he l at est  i deas and devi ces t o make 
t hei r  pr oduct s mor e usef ul  and mor e compet i t i ve.  These i nst r ument s had t o 
measur e t he wi deni ng r ange of  component  val ues wi t h accur aci es consi st ent  
wi t h t he i ncr easi ng accur aci es of  new component s at  measur ement  r at es 
suf f i c i ent  t o handl e t he expl odi ng number  of  component s used.  Thus t hei r  
devel opment  was dr i ven by needs of  t echni cal  change and r eal i zed by r esul t s  
t echnol ogi cal  advances.  
   I t ’ s  somewhat  i r oni c t hat  t he pr esent  day cal cul at i ng i mpedance met er s use 
Ohm’ s Law i n a mor e obvi ous way t han do c l assi c br i dges and ol der  i mpedance 
met er s.  GR was once accused of  pat ent i ng Ohm’ s Law i n t hei r  “ Di gi br i dge� “  
pat ent 27 t hat  gi ves t he compl ex f or mul a f or  t he di v i s i on of  t wo compl ex 
number s as t he means of  cal cul at i ng i mpedance f r om measur ement s of  vol t age 
and cur r ent .  I t  i s  al so i r oni c,  and per haps sad,  t hat  your  aut hor ,  who has 
been f asci nat ed by t he hi st or y of  c l assi c br i dges and has desi gned sever al  
commer ci al  br i dges,  shoul d have been i nst r ument al  i n t he end of  t he l ong 
br i dge er a.  To my knowl edge no new,  commer ci al ,  t r ue ( nul l ed)  br i dge,  manual  
or  aut omat i c,  has been i nt r oduced f or  many year s.    
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