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Abstract − T h e cap aci t an ce can  b e cal cu l at ed f r o m  t h e 

i m p edan ce m o du l u s v al u e o f  t h e o b j ect  u n der  t est . I t  i s 
p o ssi b l e,  i f  a t w o -t er m i n al  n et w o r k  i s r ep r esen t ed b y  a ser i es 
co n n ect i o n  o f  a r esi st o r  an d a cap aci t o r  an d t h e r eact an ce o f  
t h e cap aci t o r  i s co n si der ab l y  gr eat er  t h an  t h e r esi st an ce ( e.g. 
i n  a l o w -l o ss cap aci t o r ) . I n  t h i s case t h e er r o r  o f  t h e 
ap p r o x i m at i o n  can  b e o m i t t ed. A  v i r t u al  r eal i z at i o n  o f  su ch  
m et er  h as b een  p r esen t ed i n  t h e p ap er . T h i s o n e sh o w s t h e 
i dea o f  t h e si gn al  p r o cessi n g i n  t h e q u asi -b al an ced ci r cu i t . 
Q u asi -b al an ced ci r cu i t s ar e t h e A C  ci r cu i t s desi gn at ed  
f o r  i m p edan ce co m p o n en t  m easu r em en t s. S i m i l ar  as t h e 
b al an ced ci r cu i t s,  t h e q u asi -b al an ced ci r cu i t s h av e a sp eci al  
st at u s cal l ed a q u asi -b al an ce st at u s. T h i s i s u su al l y  a p h ase 
sh i f t  b et w een  t w o  sel ect ed si gn al s o f  t h e ci r cu i t s. T h e ci r cu i t  
i s dr i v en  t o  t h e q u asi -b al an ce st at u s b y  co n t r o l l i n g o f  o n l y  
o n e v ar i ab l e el em en t  an d t h en  t h e v al u e o f  t h e m easu r ed 
i m p edan ce co m p o n en t  can  b e cal cu l at ed u si n g t h e adj u st ed 
v al u e o f  t h e v ar i ab l e el em en t . T h e m et er  h as b een  b u i l t  w i t h  
t h e ap p l i cat i o n  o f  t h e dat a acq u i si t i o n  car d U S B  N I -60 0 9,  
w h i ch  h as b een  co n t r o l l ed b y  a so f t w ar e p r o gr am m ed i n  t h e 
L ab V I E W  en v i r o n m en t . 

K e y w o rd s: cap aci t an ce m easu r em en t ,  q u asi -b al an ced 
ci r cu i t s. 

1 .   I N T R O D U C T I O N  

M o du l u s i m p edan ce m easu r em en t s ar e p er f o r m ed i n  
p r act i ce r at h er  ex cep t i o n al l y . I n  so m e cases h o w ev er  su ch  
m easu r em en t  can  b e go o d ch o i ce. E . g. i f  u n der  t est  i s an  
i m p edan ce o b j ect  o f  si gn i f i can t l y  di f f er en t  co m p o n en t s ( as a 
cap aci t o r  w i t h  a sm al l  di el ect r i c l o ss f act o r  o r  an  i n du ct o r  
w i t h  a sm al l  Q f act o r )  i n st ead o f  t h e m ai n  i m p edan ce 
co m p o n en t  t h e i m p edan ce m o du l u s can  b e m easu r ed. I n  
su ch  case t h e ap p l i cat i o n  o f  a q u asi -b al an ced ci r cu i t  can  b e 
r egar ded. T h e m et h o d f i r st  w as i m p l em en t ed i n  a q u asi -
b al an ced p assi v e m easu r i n g ci r cu i t s. N o w  t h e m et h o d i s 
i m p l em en t ed al so  i n  act i v e m easu r i n g ci r cu i t s [ 1 ,  2],  b u t  
m o r e an d m o r e f r eq u en t l y  al so  i n  v i r t u al  ci r cu i t s [ 5 ,  6]. 

T h e q u asi -b al an ced ci r cu i t s f o r  i m p edan ce co m p o n en t  
m easu r em en t s h av e sev er al  adv an t ageo u s f eat u r es. C o n t r ar y  
t o  ci r cu i t s u si n g t h e b al an ced m et h o d t h e co n v er gen ce 
p r o b l em  i s ab sen t  w h en  t h e q u asi -b al an ce m et h o d i s u sed. 
T h e ci r cu i t  eq u i l i b r i u m  st at e t h er e i s ach i ev ed b y  m ean s o f  

set t i n g o n l y  o n e co n t r o l  el em en t . W h at ’ s m o r e: 1 ° t h e 
sen si t i v i t y  o f  q u asi -b al an ced ci r cu i t  gr o w s w i t h  f r eq u en cy  
decr ease,  2° n o  i n du ct i v e el em en t s ar e n eeded i n  t h e ci r cu i t  
st r u ct u r e,  so  i t  can  b e u sed f o r  m easu r em en t s i n  t h e V L F  
f r eq u en cy  b an d ( sev er al  h er t z  o r  ev en  p ar t s o f  h er t z ) ,   
3° al go r i t h m i c p h ase-sen si t i v e det ect o r s al l o w  t o  sh o r t en  t h e 
det ect i o n  t i m e t o  su b -m u l t i p l e o f  t h e si gn al  p er i o d.  
T h e m easu r em en t  i n  t h e q u asi -b al an ced ci r cu i t  n eeds a 
si gn i f i can t l y  sh o r t er  m easu r i n g t i m e i n  co m p ar i so n  w i t h  
o t h er  m easu r i n g m et h o ds. 

A n  i m p l em en t at i o n  o f  t h e q u asi -b al an ce m et h o d f o r  t h e 
cap aci t an ce m easu r em en t  i s p r esen t ed i n  t h e p ap er . 
P ar t i cu l ar l y  i n st ead o f  t h e cap aci t an ce t h e i m p edan ce 
m o du l u s i s m easu r ed b y  t h e u se o f  p r o gr am m ed p r o cessi n g 
o f  t h e m easu r em en t  si gn al s. M ai n  ai m  o f  t h e w o r k  w as 
ch eck i n g o f   t h e m easu r em en t  i dea. P r el i m i n ar y  t est  r esu l t s 
w i l l  b e u sed f o r  t h e ci r cu i t  co n st r u ct i o n  desi gn ed f o r  a 
i m p edan ce m o du l u s m easu r em en t  i n  t h e V L F  f r eq u en cy  b an d.    

2 .   E R R O R  O F  T H E  M E AS U R E M E N T  M E T H O D  

T h e r eal  cap aci t an ce v al u e i s co n n ect ed w i t h  t h e 
i m agi n ar y  co m p o n en t  XZIm o f  t h e i m p edan ce XZ  u n der  
t est . I f  t h e ser i es eq u i v al en t  ci r cu i t  R C  r ep r esen t s t h e o b j ect ,  
t h e f o l l o w i n g eq u at i o n  def i n es t h e cap aci t an ce t o  b e 
m easu r ed:   
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T h e cap aci t an ce v al u e Ĉ  cal cu l at ed f r o m  t h e i m p edan ce 
m o du l u s XZ  eq u al s t o : 
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T h e cal cu l at i o n  o f  t h e cap aci t an ce v al u e f r o m  t h e eq u at i o n  
( 2)  i n st ead o f  ( 1 )  y i el ds a r el at i v e er r o r :   
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Impedance modulus is bound with the impedance components 
by  the f ollowing  eq uation: 
 [ ] [ ]222 ImRe XXX ZZZ += .  ( 4 )  
T he eq uation ( 4 )  can be wr itten in the f or m: 
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T ak ing  into account the def inition of  the dielectr ic loss f actor  
tanδ: 
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the eq uation ( 3 )  of  the er r or  caused by  the capacitance 
calculation f r om the appr ox imate eq uation ( 2 ) , can be 
wr itten in the f or m:  
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T he cur v e of  the r elativ e er r or  v s. the dielectr ic loss f actor  
tanδ is shown in the F ig . 1 .  
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Fig. 1.  T h e  r e l a t iv e  e r r o r  o f  t h e  c a p a c it a n c e  m e a s u r e m e n t  r e s u l t  

v e r s u s  t h e  d ie l e c t r ic  l o s s  f a c t o r  t a n δ o f  t h e  c a p a c it o r . 

T he r elativ e er r or  of  the capacitance calculation caused by  
the appr ox imation of  the impedance imag inar y  component 
by  the impedance modulus should be less than accepted 
limit v alue ε: 
 ( ) ε≤Cer . ( 8 )  
P utting  ( 7 )  into ( 8 )  ther e is obtained: 
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B ecause tanδ > 0 ( so the denominator  is alway s big g er  than 1 ) , 
then 
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T he condition ( 9 )  can be wr itten in the f or m: 
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F r om ( 1 1 )  r esults the f ollowing  condition: 
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3.  QUASI-B AL AN C E D  C IR C UIT  F O R  
M E ASUR E M E N T  O F   

IM P E D AN C E  C O M P O N E N T S  

T he essential str uctur e of  the q uasi-balanced cir cuit f or  
the impedance modulus measur ement is shown in the F ig . 2 .  
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Fig. 2.  A block diagram of  the quasi-balan ced circuit for the 

measuremen t of the imp edan ce modulus. 

T he block  X  contains the impedance ZX  under  test and 
supply ing  cir cuits ( a g ener ator ) . M easur ing  output sig nals 
ar e r espectiv ely : UX  – v oltag e dr op thor oug h impedance 
under  test, and IX  – the cur r ent f lowing  thor oug h this 
impedance. S ig nals UX  and IX ar e pr ocessed accor ding  to 
the diag r am pr esented in the F ig . 2 .  S ig nals w1 and w2   on 
the phase-sensitiv e detector  inputs ar e descr ibed by  
eq uations: 
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T he q uasi-balance state of  the cir cuit consists in a phase 
shif t ang le between the sig nals 1w  and 2w  eq uals to −π/ 4 . 
T his state is descr ibed by  the condition:  
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F r om ( 1 4 )  r esults the f ollowing  eq uation: 
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T he r atio of  the disting uished sig nals 1w  and 2w  is 
bound with the measur ed impedance: 
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A f ter  conv er sion of  the ( 1 6 )  the f ollowing  eq uation ther e 
is obtained: 
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A s it  w a s t o l d , t h e q u a si-b a l a n ce st a t e o f  t h e a n a l y z ed  
cir cu it  co n sist s in  t h e p h a se sh if t  a n g l e b et w een  
d ist in g u ish ed  sig n a l s w1 a n d  w2 eq u a l  −π/ 4 . T h e r ea l  a n d  
im a g in a r y  p a r t s o f  t h e (1 7 ) a r e eq u a l , r esp ect iv el y :   
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a n d : 
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C o m p a r in g  (1 8 ) w it h  (1 9 ), t h er e is o b t a in ed : 
 XXXXX ZbZbZbZbZb ImReImRe 22 −+=+− . (2 0 ) 
H en ce: 
 22 bZ X = , (2 1 ) 
Fin a l l y  t h e im p ed a n ce m o d u l u s eq u a t io n  ca n  b e w r it t en  in  
t h e f o r m : 
 bZ X = . (2 2 ) 

I f  t h e cir cu it  is u sed  f o r  t h e ca p a cit a n ce m ea su r em en t , 
t h e eq u a t io n  ex p r essin g  t h e a p p r o x im a t e ca p a cit a n ce v a l u e 
ca n  b e w r it t en  in  t h e f o r m :  
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4.   V I R T U A L  I N S T R U M E N T  F O R   
M E A S U R E M E N T S  O F   

I M P E D A N C E  C O M P O N E N T S   

T h e m ea su r in g  id ea  d escr ib ed  b y  t h e b l o ck  d ia g r a m   
(Fig . 2 ) w a s im p l em en t ed  in  v ir t u a l  in st r u m en t  (Fig . 3 ). 
M ea su r in g  sig n a l s o f  t h e ca p a cit o r  u n d er  t est : t h e v o l t a g e 
d r o p , a n d  t h e cu r r en t  t r a n sf er r ed  in t o  v o l t a g e h a v e b een  l ed  
t o  t h e a cq u isit io n  ca r d  U S B  N I  6 0 0 9 . N ex t  sig n a l  p r o cessin g  
is m a d e b y  t h e p r o g r a m  w r it t en  in  g r a p h ic p r o g r a m m in g  
en v ir o n m en t  L a b V I E W . 

B a sic b l o ck s o f  t h e v ir t u a l  in st r u m en t  d esig n ed  f o r  t h e 
ca p a cit a n ce m ea su r em en t s a r e: 
� T h e a m p l if ier  B  o f  t h e set t l ed  g a in . I t  f o r m s t h e sig n a l  UB 

p r o p o r t io n a l  t o  t h e cu r r en t  Ix f l o w in g  t h o r o u g h  t h e 
im p ed a n ce u n d er  t est , 

� T h e p h a se sh if t er  P F. I t  sh if t s t h e t im e co u r se o f  t h e 
sig n a l  UA =  Ux b y  t h e a n g l e 9 0 ° (it  is eq u iv a l en t  t o  t h e 
m u l t ip l ica t io n  b y  t h e im a g in a r y  u n it  j), 

� T h e su m m in g  n o d es. T h ey  g en er a t e t h e d ist in g u ish ed  
sig n a l s w1 a n d  w2, 

� T h e p h a se sen sit iv e d et ect o r  D F. I t  in d ica t es t h e p h a se 
sh if t  b et w een  d ist in g u ish ed  sig n a l s w1 a n d  w2. 

 
Fig. 3.  The LabVIEW realization  of  the v irtu al c ap ac itan c e m eter. 

5 .   M E A S U R I N G  C I R C U I T  T E S T I N G  

M o st  im p o r t a n t  m o d u l e o f  t h e w o r k ed  o u t  v ir t u a l  
in st r u m en t  is t h e p h a se sen sit iv e d et ect o r , D F. T h is m o d u l e 
is d ecisiv e f o r  t h e m ea su r em en t  a ccu r a cy . A  l o t  o f  d if f er en t  
cir cu it s co m m o n l y  u sed  f o r  p h a se sh if t  m ea su r em en t  w er e 
t est ed : cir cu it s w it h  p u l se co u n t er s, cir cu it s w it h  t h e t im e t o  
p u l se h eig h t  co n v er t er  (T P H C ), cir cu it s w it h  t h e t im e 
ex p a n d er  f o r m in g  t im e t o  d ig it a l  co n v er t er s (T D C ). I n  f in a l  
cir cu it  t w o  d if f er en t  p h a se m et er s w er e ch eck ed  t o  v er if y  
p h a se sen sit iv e d et ect io n  r esu l t s.   

T h e f ir st  so l u t io n  o f  t h e p h a se m et er  is b a sed  o n  t h e 
d ep en d en ce b et w een  t h e a v er a g e v a l u e ca l cu l a t ed  f o r  t h e 
in st a n t a n eo u s v a l u es o f  t w o  v o l t a g e co u r ses in  t h e h a l f  
p er io d , a n d  t h e p h a se sh if t  v a l u e b et w een  t im e co u r ses o f  t h e 
t w o  v o l t a g es. T h is id ea  is ea sil y  a d a p t a b l e in  v ir t u a l  
in st r u m en t s. T h e p h a se sh if t  m ea su r em en t  o f  t h e sa m p l ed  
t im e co u r ses m u st  r eg a r d  t h e sa m p l in g  f r eq u en cy , esp ecia l l y  
if  t h e m et h o d  is b a sed  o n  t h e a v er a g in g  p r o ced u r e.    

T h e p h a se sh if t  m ea su r em en t  a ccu r a cy  b a sed  o n  t h is 
m et h o d  d ep en d s o n  t h e a v er a g in g  p r o ced u r e (w id t h  o f  t h e 
a v er a g in g  f il t er  w in d o w ). T h e st a n d a r d  d ev ia t io n  o f  t h e 
m ea su r ed  p h a se sh if t  b et w een  t w o  sig n a l s d ep en d s o n  t h e 
a v er a g in g  w in d o w  w id t h , u sed  f o r  t h e a v er a g in g  o f  
in st a n t a n eo u s v a l u es o f  t h e sig n a l s (T a b . 1 ). I t  d ep en d s o f  
co u r se a l so  o n  t h e sa m p l in g  f r eq u en cy .       

I f   t h e a v er a g in g  w in d o w  w id t h  is in cr ea sed  (ca l cu l a t io n  
b a sin g  o n  t h e l a r g er  sa m p l e n u m b er ) t h e ch a n g es o f  t h e 
a v er a g in g  f il t er  o u t p u t  sig n a l  a r e sm a l l er . I n  t h is ca se it  m u st  
b e n o t iced  h o w ev er , t h e l a t en cy  t im e f o r  r esu l t in g  o u t p u t  
sig n a l  o f  t h e a v er a g in g  is l o n g er . T h e ch o ice o f  t h e o p t im a l  
a v er a g in g  w in d o w  h a v e t o  b e b a sed  b o t h  o n  t h e sa m p l in g  
f r eq u en cy  o f  t h e co m p a r ed  sig n a l s, a n d  t h eir s o w n  
f r eq u en cy . M a n y  t est s o f  t h e v ir t u a l  in st r u m en t  w er e 
p er f o r m ed  a t  m ea su r em en t  sig n a l  f r eq u en cy  ch a n g ed  in  t h e 
r a n g e 1 0  H z  u p  t o  1 0 0  H z  (st a n d a r d  f r eq u en cy  w a s 5 0  H z ). 
Fr o m  r esu l t s l ist ed  in  t h e T a b . 1  it  ca n  b e co n cl u d ed  t h e 
o p t im a l  a v er a g in g  w in d o w  w id t h  is 1  k S , f o r  t h e f r eq u en cy  



both 1 kS/s, and 10  kS/s. T he  di f f e r e nc e  c onsi sts i n the  
r e su l t l ate nc y  ti m e . F or  the  si g nal s sam p l e d w i th the  
f r e q u e nc y  10  kS/s the  r e su l t ap p e ar s as e ar l y  as 0 .1 s, bu t f or  
the  1 kS/s i t ap p e ar s onl y  j u st af te r  1 s.  
Table 1.  D ep en d en c e bet w een  m eas u r ed  p h as e s t an d ar d  d ev iat io n  

an d  t h e h alf -w id t h  o f   t h e m o v in g  av er ag in g   
w in d o w  f o r  s p ec if ied  s am p lin g  f r eq u en c y   

an d  m eas u r em en t  f r eq u en c y  5 0  Hz . 

Meas u r ed  p h as e s t an d ar d  d ev iat io n   
[o]  Half -w id t h   

o f   t h e m o v in g  
av er ag e w in d o w   

[s am p le] 
 S am p lin g  
f r eq u en c y   
1 k S / s  

S am p lin g  
f r eq u en c y   
10  k S / s  

5 0  1.0 5  83 .7 2  
10 0  0 .5 9  7 7 .0 0  
2 0 0  0 .3 5  6 1.3 9  
3 0 0  0 .2 6  40 .83  
40 0  0 .2 1 19 .0 9  
5 0 0  0 .18 0 .18 
6 0 0  0 .17  12 .9 4 
7 0 0  0 .16  17 .5 9  
80 0  0 .15  15 .3 0  
9 0 0  0 .14 8.45  
10 0 0  0 .13  0 .13  
2 0 0 0  0 .11 0 .11 
5 0 0 0  0 .0 9  0 .10  

 
T he  se c ond sol u ti on of  the  p hase  m e te r  u se d i n the  

m e asu r i ng  c i r c u i t i s base d on the  du al  c hanne l  sp e c tr al  
m e asu r e m e nt m odu l e  (D C SM ) , w hi c h i s ac c e ssi bl e  i n the  
L abV I E W  e nv i r onm e nt. T he  m odu l e  m ay  be  u se d f or  the  
m e asu r e m e nt of  the  p hase  shi f t e x i sti ng  be tw e e n tw o si g nal s 
of  any  shap e s. T he  m odu l e  w or ks w i th sp e c i f i c  f r e q u e nc y , 
de p e nde d on the  sam p l i ng  f r e q u e nc y  of  the  c om p ar e d 
si g nal s. E .g . f or  the  f r e q u e nc y  1 kS/s the  sp e c tr u m  r ang e  
f r om  0  u p  to 5 0 0  H z  i s anal y z e d, w i th the  ste p  10  H z .     

T he  r e adi ng  of  the  p hase  shi f t be tw e e n tw o m e asu r e d 
si g nal s i s e sse nti al  w he n any  p hase  m e te r  of  thi s ki nd i s 
u se d. T o i m p r ov e  thi s r e adi ng   the  f u nc ti on Index Array w as 
u se d on the  p hase  m e te r  ou tp u t. T hi s f u nc ti on take s the  
c onte nt f r om  the  c e l l , addr e sse d by  the  i nde x . T he  i nde x  
nu m be r  i s c hose n on the  base  of  the  f i r st har m oni c  si g nal  
f r e q u e nc y . T hi s w ay  of  the  p hase  m e asu r e m e nt g i v e s the  
r i g ht r e su l ts, e v e n i f  si g nal s ar e  di stor te d, and no p r e l i m i nar y  
f i l te r i ng  i s u se d (no l ow  p ass f i l te r s at the  i np u t) . 

T he  p hase  shi f te r  P F 9 0  w as r e al i z e d as the  c i r c u i t 
di f f e r e nti ati ng  the  sam p l e d si g nal   UB. Su c h f u nc ti onal i ty  i s 
p r ov i de d i n the  L abV I E W  e nv i r onm e nt by  the  T i m e D o m ai n 
m odu l e . I t m u st be  c onf i g u r e d r e sp e c ti v e l y , c hoosi ng  the  
op ti on Co nt i nu o u s  Cal c u l at i o n.    

O the r  p ar ts of  the  w or ke d ou t v i r tu al  i nstr u m e nt 
(am p l i f i e r s, f i l te r s, c om p ar ator s)  ar e  r e al i z e d basi ng  on 
standar d f u nc ti ons and str u c tu r e s of  the  g r ap hi c  
p r og r am m i ng  e nv i r onm e nt L abV I E W  [ 3 , 4 ] . 

6.   C O N C L U S I O N S  

T he  c i r c u i t p r e se nte d i n the  p ap e r  i s de si g nate d f or  
c ap ac i tanc e  m e asu r e m e nt, basi ng  on the  i m p e danc e  m odu l u s 
m e asu r e m e nt. I t w as r e al i z e d as a v i r tu al  i nstr u m e nt u si ng  
the  ac q u i si ti on c ar d N I  6 0 0 9 , p r og r am m e d i n L abV I E W  
e nv i r onm e nt. B oth the  si m u l ati ng  te sts and r e al  R C  obj e c t 
te sts w e r e  p e r f or m e d w i th i nstr u m e nt. T he  str u c tu r e  of  the  
p r og r am  si g nal  p r oc e ssi ng  w as l e f t u nc hang e d w he n the  
m e asu r i ng  si g nal s w e r e  g e ne r ate d by  the  p r og r am , as w e l l  as 
w he n the y  w e r e  take n f r om  r e al  obj e c t u nde r  te sts, su p p l i e d 
by  the  g e ne r ator  A g i l e nt 3 3 2 2 0 A .    

B oth si m u l ati on r e su l ts and e x p e r i m e ntal  te sts of  r e al  
obj e c t c onf i r m e d the  c ap ac i tanc e  m e asu r e m e nt p ossi bi l i ty . 
T he  r e sol u ti on 0 .1 nF  and the  u nc e r tai nty  l e ss than 3 %  w e r e  
ac hi e v e d. T he  r e sol u ti on of  the  m e asu r e m e nt w as 
de te r m i ne d by  the  i np u t i m p e danc e  of  the  ac q u i si ti on c ar d 
u se d f or  the  e x p e r i m e nt. P r e se nte d i de a of  the  m e asu r e m e nt 
i s p r om i si ng , and at thi s p r e l i m i nar y  stag e  of  the  r e se ar c h 
c an be  r e g ar de d f or  f u r the r  de v e l op m e nt. I t i s e sp e c i al l y  
c onv e ni e nt f or  a v i r tu al  r e al i z ati on. A nal y z e d di f f e r e nt p hase  
de te c tor  r e al i z ati ons e x hi bi te d e sse nti al  m e asu r e m e nt 
u nc e r tai nty  sou r c e s and al l ow e d to c onf i g u r e  op ti m al l y  the  
m e asu r i ng  c i r c u i t m odu l e s. N e x t r e se ar c h i s di r e c te d to the  
e nl ar g e m e nt  both the  r e su l t r e sol u ti on, and the  f r e q u e nc y  
r ang e  of  the  m e asu r e d si g nal s, p ar ti c u l ar l y  at v e r y  l ow  
f r e q u e nc i e s. 

P r e l i m i nar y  te sts of  the  p r e se nte d c i r c u i t ac know l e dg e  
the  p ossi bi l i ty  of  thi s v i r tu al  i nstr u m e nt i de a i m p l e m e ntati on 
i nto i m p e danc e  m e asu r e m e nts of  R C  obj e c ts, of  sm al l  l oss 
ang l e s. I t c an be  al so u se d i n ap p l i c ati ons w he r e  v e r y  hi g h 
ac c u r ac y  i s not ne e de d, e .g . f or  i nsu l ati on te sti ng  i n v e r y  l ow  
f r e q u e nc y  band, and w he r e  the  u se  of  othe r  know n 
i nstr u m e nt c i r c u i ts (as e .g . br i dg e s)  i s not c onv e ni e nt. 
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