
and Permittivity 

Capacitance Bridges 

'1. INTRODUCTION 
Measurements on an electrical insulating material for ac losses and 

permittivity are. in effect. measurements of the capacitance and loss 
of a capacitor in which the material being measured forms the dielec- 
tric. With measuring systems such as the GenRad 1620 and 1621 
available, instrumentation for capacitor measurements over the fre- 
quency range from 20 ,Hz to 100 kHz is quite simple. The problems lie 
in preparing the dielectrics and the electrodes, so that the resulting 
capacitors represent the properties of the materials to be measured. 
The GenRad instruments also help here since they are particularly well 
suited to the three-terminal fluid-displacement or "air-gap" methods 
that eliminate the need for attached electrodes. 

The International Electrotechnical Commission (IECIand theAmer- 
ican Society for Testing and Materials (ASTM) have developed and 
published standard methods for the measurement of ac dielectric loss 
(dissipation factor) and permittivity (dielectric constant ). These 
methods are described in the following documents: 

' 

IEC Publication 250 "Recommended Methods for the Oetermina- 
tion of the Permittivity and Dielectric Dissipation Factor of Electrical 
Insulating Materials at Power, Audio, and Rad~o frequencies including 
Meter Wavelengths." 

ASTM D l  50 "Standard Methods of Test for AC Loss Character- 
istics and Dielectric Constant (Permittivity) of Sol~d Electrical lnsulating 
Materials." 

ASTM 0924 "Standard Method of Test for Power Factor and 
.Dielectric Constant of Electrical Insulating Liquids.'' 
, The IEC Recommendations and ASTM Standards are substantially 
rXhe same as far as basic procedures. equations, and the like are con- 
cerned. They were written for use by people highly skilled in testing 
electrical insulation. As such, they are not always readily understood 
by those who are considerably less experienced. These people will 
probably find it desirable to have both publications. Frequently one 
publication will help clarify a point that is obscure in the other. The IEC 
document has the added advantage for many that it is written in both 
French and English. 



EQUIVALENT CIRCUITS 

Fclllowrng are def~nitrons of tPrrns that are used rn the 
character~ration and measurement of drelectrrcs 

Relative Permittivity, E,: { D l e l ~ t t r ~ c  Constant, k ' ) t  The 
ratla of the capacltance. Cx of a capac~tor, tn wh~ch the 
spaw  between and around the electrodes rs filled with the 
lnsulatlng mater~al tn queston ?o the capac j tanc~  C,, of 
the (dent ~ca l  cunf~gurat  Ion of electrorles In vacuum 

Tti? r ~ l a l i v e  perrn~tt~vrtv, 6, .  of dry air at normal 
atrnospher~c pressurp IS 1 00053 T h ~ s  IS usually close 
enotlgh to t h ~  value In a vacuum, 1 0000 to allow the 
capacltance C,, of the conf~guratron of electrodes tn alr to 
be used rnstead of C, to deterrnlne the relative permlttwlty 
t,, w ~ t h  svtf~clent accuracy. 

Permittivity. E: The product of the ~nsulatlng materral's 
relatwe permrttlv~ty, c,, and the electrrc constant (or 
permlttlvqty of vacr~um), r,. in t h e  measurement rystem 
In the SI l lnternat~onal System of Unrts) system, the 
absolute perml t t~v~ty  IS expressed rn farads per meter 
( F / m ) ,  and t h ~  electrrc constant, 6, .  has the tollowrng 
value 

Srnce p~cofarads and centimeters are usually used In 
calculating capac~tance, t h e  usual form of t h ~ s  eq ilation 4s 

Dielectric toss Angle. 8.:  The a n ~ l e  bv which the 
phase d~fference between appl~ed v o l t a g ~  and resulting 
current deviates from n/2 rad when the dielectrtc: of the 
capacitor conslsts exclusrvely of the d ~ e t ~ c t r l c  rnater~als 

Dielectric Dissipation Factor, tan 8, (Dl? The 
tangent of the loss angle, f i  (Note In s o m ~  cases the t ~ r n i  
"loss tangent" IS used In place of dlelectrlc diss~patlon 
factor because the result of the measurement of the loss 
I S  reported as the tangent ol the loss angle \ 

Loss Index. c:' (k")? The product of the rnater~al's 
drss~pat~on factor (tan 61 and ~ t s  relat~ve oerrnlttlvitv 

Relative Complex Permittivity, E: - A cornblnat~on of 
t tw t-elat~ve perm~tlivitv and loss Index 

E:'= E, tan S 

E ;? 
tan fi = 

r 

A capacitor wtth losses can be represented at any 
given frequency either bv a capac~tance, C,, and a 
reslstancs. R,, In ssrles or by a capacltance, Cp, and a 
reststance, R,, (or conductance Gp) In parallel 

Equ~valent Parallel Ctrcurt, Equrvalent Series Clrcu~t 

Figure 1. Series and Parallel Equivalent Circuits 

While the parallel representation of an !nsulat~ng materral 
havlng a dleleclr~c loss rs usually the more proper 
representat~on. tt IS always possible and often desirable to 
represent a capacrtor a t  a single frequency by a 
capacltance, C,, In SETIPS wrt h a resistance, R, if tan f i  I5 

small, less than 0.01, for all practrcal measurements 
C, = Cp 

FoElowmg are same conversron relatmns hstwcen 
serles and parallel components 

1 R =-= 1 + tan2 8 1 
Gn tan' 6 "G, 

The dlelectrlc d!ssrnatron factor, tan 8 or D IS !he same for 
the series and parallel representallons 

The GR 161 5 Brrrlge ( 1620 Svstcm) w11I measure 
serles capacltance and dlsslpat~on factor nr parallel 
capacltance and conductance The 1 61 6 Brrdgr? ( 1 621 
System) measures only para l l~ l  rapacltance and 
conductance 

FACTORS AFFECTING DIELECTRIC 
PROPERTIES OF MATERIALS 

Frequency: Most rnaterlals havr d~ssrpar~on iaclors and 
Perrn~tt IVI~ IPS whch vary srgn~f cant lv w t h  f r a ~ u ~ n c v  
Fused s~llca (quartz), polystyrene. polyethylene and 
pc3lytetrafluoroethvlene ( ~ e f l o n t )  are among Ihe f ~ w  
whnse charactenst~cs vary only sl~ghtlv wrth freqtlencv 

C h a n g ~ s  rn permit t~v~tv and dlsslpat~on factor are 
produced bv t h ~  d~eE~c t r~c  polarrzatlon anrl condurtlvrty 
of the malerlal The most Important changes are caused 
bv drpole polarrzatlon due to polar r n o l ~ c u l ~ s  and inter 
facial polar~zatlon causpd bv ~nhornog~ne i t~es  In t h e  
materrat, shown In the tvptcal curves of F~gui-P 2 
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Figure 2. Variation ol  Dielectric Constant and Loss Index with 
Frequency 

Temperature. The loss rndex ~sua l l v  ~ h o w s  a mazlmurn 
at a freouenry which varies wit+! Ihr tcnlperal<~rP of the 
d ~ ~ l e c t r ~ r  nlaterial The trmpc,rature c o e l f ~ c l ~ n t s  o f  d~ss~pa-  
t ~ o n  tactor and p ~ r m l t t ~ v ~ t v  can  be posllrve or negatrvi. 
dt-pend~ng on the p x r t ~ o n  of  the loss Index mavlm~lrn w ~ t * ~  
rrspect to i t i ~  rneasllrlng trrnvprature 

Moisture: Thp absorpt~on of water or the formatton of 
a water film on the surface of a d le l~ctr lc  materrah 
Increases the degre? of polar~zatlon, whtch raises 7he 
per rn~tllvlt V, the rllsslpatlon factor and the dc ccrnductlv~t~ 
It IS  therefore very Important to cond~twn the test 
specimens and control the nroisture content, befo-e and 
dur~ng testlng, In order to obtaln accurate meastlrements 
(Note T ~ F !  largest effect.; 0 1  humldtty usually ocwr at frp- 
quenclm below about 1 MHz and In the microwave reglon ) 

Field Strength: When lnt~r facla l  polar17atmn exlzts, the 
number o f  free tans Increases w ~ t h  the  field strength and 
the rnagr~~tude and pos~fron of the loss-~nd,, "Y maxlm~lrn 
are altered At htgher frequencies, pf irmltt~v~ty and 
drss~pat Ion tartor are Independent o f  held strength, as 
Ions as no parrial discharge occurs In Ihe cl~electr~r 

FORM OF SPECIMEN 

Solid Insulating Materials Sheet speclmens are  he 
form of maler~al considered In the methods desrrlberj ~n 
this note Measurements an naterlals In tubular torm are  
desrrlbed ~ lsewhere .$  

When h ~ g h  accuracy IS required En rnsasllrlng 
~>erm~tt lvl ty, the source of the greatest uncerta~ntbt 1.; In 
the d~rnenstons o l  the speomen, and part~cularly rts 
th~ckness, w h ~ c h  should therefore be large enough to 
allow ~ t s  measurement wrth the renured accuracy The 
cholce of I hjc k n ~ s s  depends on the method of producrny 
r h ~  speclrnw- and the ltkely var~atlon In th~ckness from 
polnb to p o ~ n l  For 18 accuracy, a thlekness such 3s 
1 5 rnm IS usually enough, although for greater accurary 
~t may he llesrrable to i r sR  a thlc ker sneclmm, for exsrnptc 
6 - 1 2 m m  

The th~ckness must be determ~ned bv nieasur?menls 
d~st r ib l~ ted svstemat~catly over t h e  area of the speclmrn 
wh1r.h IS arsed In t tie electr~cal measurement and should 
be unrform tn w ~ t h t r ~  2 1 "/o of theaverage th~ckness W h ~ n  
the el~ctrndes extend to the edge I?[ t h ~  specdmen, the 
t h ~ c k n ~ s s  can bp d p t e r m ~ n ~ d  bv we~ghlng. ~f the dens~ty of 
the mater~al IS knunn The area chosen for the speclmen 
shauld be large enough to s r o v l d ~  a speclmen caparltancp 

I m ,  m m I , , , ,  I lh?r < , ~ ' ~ ' O , I  , >I< I 1 , -  8 , rl , ..> ,I  , I  I , , . I, 

1 1 ,  . ' , > ,  k l H  41,  j Itsr P I,,, ? ' 8 - , I I I , 

whlch can be measured to the desired accuracy W ~ t b  
well guarflt3(d arid .;h~r-lrk~rl pt]ulpmvnt there 1s PO 

d~ t f~cu l t y  In rnpastrrinq r a ~ a r ~ l i j r ~ r p - ,  c ~ l  10 pF to a htgh 
degree ~f arcc~rary 

W ~ t h  thr, rneasurlnq sv?:+m (It ?r.~thr4 111 t h ~ s  note 
solrd lj~ebertr~cs tn s h ~ t  form arc1  i h- TCI.(TI 1 1 r - r 1  t ' y p ~  c ~ f  
SpPchrnPn The samplf% c a n  hr ~ t ~ t t ; r ~ r  5 1 : 1 , a r ~  or c~rcular 
wrth a mrnimum drrnens~r~r~ r ~ l  7 5 r m and a rnnvtmtlm 
d ~ r n ~ n ~ l o n  of 8 3 crn and a ! I ~ ~ r k n r , ? c ,  t o  (3 F< r m  No 
elertrndes arP rfqu~recl on  t r ~  S~)c,r,~rnr~n r l n r r  ~ h r  
Ralsbauqh M o ~ E I  L 3  3 Threp T(5rrr11nal R~cpa l r t -~  rrll 11.,'=' 

1 6 1 5,9005) h a s  q ~ a r d ~ d  elpr t r o r l l j ~  

Liquid Insulating MaterEals T ~ P  LD .? ( 3 ~ 1 ~  15 nnt 
sullable fol- most rneasi~remen?s on I~qu~cls r7acPpr for 
thcse iised In the f l~ l rct - r j~splarem~r~t  met bods c' rnpaS,.,r t 
m ~ n l s  nn sol~ds Cells s ~ ~ ~ t a b k  (nr m ~ a s ~ r r n l s n t y  an 
~ I Q L I ~ S  w ~ t h  !he GR 1629 and i 621 M ~ a s u r ~ n q  Svslcm. 
are T 1 ~ ~ ~ r 1 b r . d  In lEC P ~ ~ h l ~ c a t ~ c l n  25C) The EalqL~a~lglr 
T y p ~  L p C  1 0: 3.50 G LIIJLII~ Cpll ts st~~tah:da fnr- t l i ~ r  

rncass_rreniert 
In measurement on I~+rrds ccn lam~nai~vn of t ? ~ r  

speclrnen IS very crlt{c.al and (:ells for mear;~:rr!rn~vi;s on 
ltq L J ~ S  m us r  be trloroqghlv rleaned be!w~ien 
rneasvremen'ts 

MEASUREMENT SYSTEM 

A s c h ~ m a t ~ r  of t h ~  mmeasurement svTtem I5 shown un 
Figure 3 The three termtnal rnnn~c t l onq  ot Ihe GR 1620 
and 162 1 Meas~rement Svstems make ~t easy to s t h ~ l d  
the speclmens and In e11rnlna:e crrors due to strnv 
caparltances The ~:ornb~nat~on of t h p  T~ I .PP  termrrial 
mpasurement a n 3  the guard ~ l ~ c t r o d e  on t he  LD 3 
Research Cell m a k ~ s  posslble the accurate knowledqe ot 
the d~mensrons of  the arPa qf :?r? SpFclrrlPn barnq tested 
The guard 15 also necpcsar., I r  t ~ s ? l n g  ?om? materrals at 
htgh hum~drt~es where suVtaco les4aoe may  be a problem 

Cell Description TIP LD 3 Research Cell is ; I h r w  
term~nal m~crorn~'er-electrode cell wit5  plan^ p a ~ a l l ~ l  
electrodes for flu d or solid samples Tlie f t w d  crrcular 
electrode L, In F girre J has an Inner TPrtlen w ~ t h  a 
d~amerer o! 6 350 r 0025 r m  srnarated bv a 025 to 
030 cm lnsulat~ng gap from \he qdard ring arcund ~t T~IP 

other electrode H, ran be m a v 4  by a m~cromrter  l o  
adlust the separatton, h,, of :he electrodes from 0 to 0 8 
cm,  and the separation can be rcad on I ~ P  mlcr~metPr 
scale t o  @Ol err, and estrmated ?n 0002 cm 

The cell capacitance trom L to H w h e n  r n e a ~ ~ r r p d  ni l  
a three-terminal hrldge to  + l ~ m ~ n a  te t h e  gr oc~nd capacl 
(anccs CLL and C,,r,, 15  s~mplv that of a mpacltor wrth 
p a ~ a l l ~ I  platrls of area A = n d 2 / 3  anr! spparat~on h, 

T l w  v f f p c f l v ~  c l ~ a r n t % i ~ l r  d r.; qr vatra8 ttidn t lmt  or  the t 
plr!:tr~rlr IT\ app~o*~ni .?tc lv t t i ~  w ~ d t ! ~  01  he gay, 
CAUTION Adrl rllr 13ap wl~ l t t -~  vv nL7r 2 VV to :he diameter 
o f  t t l ( >  rlrr71r~>rlt- L It3 ~nt$tr l~n ~ t s  vrlect~ve d l a r n ~ l ~ r  

Cell Assembly Shta c t ~ l ,  as reve~ved I S  c o r n p l ~ t ~ l v  
a<*,rnit,lrrl v*crp t ~ r  i h ~  dr a ~ n  plirq. nv~ r f t o&and  mlcrom 
p l r r  T ~ P  Tt* l  Ion rlral-i nlug shauld be rnsrallcd rn the 
h l~ le  In t h ~  hottern of the !ace plait? anti thp nvpr!low 
l t ~ r  rarlrrl Inltl I he tapped holr  at t t ~e top of +he c ~ l l  The 
r r l l ~  rolrl13trr IS ~nstallvd bv Spttrng IT at abod' 01 r m  and 



(Optional) 

TERM1 NAL 

Figure 3. Bridge Circuit for %Terminal Coaxial Measurement 
of a Test Cell 

pushrng ~t Into the hole et the rear of the cell untll the 
electrodes come together She resistance felt IS from a 
sprlng w h ~ c h  provldes rearward movement of the movable 
electrode Then t~ghten the mlcrometer Iocklng set screw 
~ ~ 1 s t  enough to prevent the sprlng from pushrng the ml- 
~ r o r n ~ t e r  out. Gradually turn the mlcrometer knob u n t ~ l  a 
zero read~ng rs obtained, and then further tighten the 
m~crometer lockrng set screw Tlghtenlng t h e  set screw 
too much wrll score the shaft and make removal drff~cult 

Electrical Connections The guard and low- or 
measur~ng-sectlon electrode of the cell are connected 
internally to  a GR874'  coax~al connector on the face 
plate. The hlgh lead 1s brought to  the banana-plug 
receptacle extend~ng from the shaft supporting tile 
movable h~gh electrode The cell 1s connected te the br~dge 
a? qhnwn In FI~LITF? 3 The low electrode IS connected 
to the L [LOW) UNKNOWN terrnrnal on the bridge 
by means of a GR 874-R22A Patch Cord and the hlgh 
lead to  the H (HIGH} UNKNOWN t ~ r r n ~ n a l  by means ot a n  
874.R34 Patch Cord The terrnbnal selector sw~tch on the 
brldge ts set In the three terrnnal, sh~elded pos~tlon for t h ~  
measurements descr~bed In t h ~ s  note 

The br~dge IS connected to the generator and detector 
as out lhned In the br~dge lnstructlon book The connections 
of generator and detector to t h e  brldge can be reversed 
to permrt h~gher voltages to  be applied to the unknown 
and to provlde. In special cases, h r g h ~ r  brldge sensrtrvrtv, 
as described In the ~nstruct~ons 

Calibration of Cell Before any precise dlelectrlc 
measurements are attempted, other than by the two flulc? 
method, an accurate callbratton of a cell should be made 
by measurrng the cell capacitance w ~ t h  alr drelectrlc, whrle 
the separation. h, IS vaned over ~ t s  range Thrs will g ~ v e  
the effcctlve d~arneter, d, of the electrode and the relat~an 
between the mlcrometer reading. h,, and the elfectlve 
separat~on or spaclng, h, If there IS a mlcrometer error, 
h,,. (usually caused by an error In t h e  adlustlnent of the 
m~crometer zero ~os i t ton) ,  then 

h, = h, -+ h,, 

The capacitance is c,, = 8 = s 
o hrn + hmo 

where the constant 

and deff = 3.791 6 c m  
wlth alr as the dtelectnc 

The mlcrometer readlng, h,. 1s then related to the 
capacrtance by 

s h, = - - h,, C 
1 and  this IS the equat~on of a stralght Ilne for h, vs c w ~ t h  

1 slope s and intercept with the axis of -h,,. 



An example of the callbratlon of the cell that IS used 
In the following examples is The data for C vs h, are 
shown below, as measured on the 1 61 5 Brtdye at 1 kHz, 
and w~th  the test cell mlcrorneter cal~brated In Inches but 
converted to cent~melers 

The stralght l ~ n e  that best frts these data can be found 
by ustng llnear regression or least-squares methods of 
curve f~t t lng (see any text on stattst~cal methods), and 
pocket calculators make the calculat~ons verv easy The 
results of such calculat~ons on these data are: 

The ssparatlon, ha, IS therefore greater than the 
micrometer read~ng, h,, by 0019 cm The effectwe 
d~ameter, d,,, 1s 1 ~ 1 t h  s In pF cm) 

and the relat~on between C and the rnlcrometer readlnq 
h,. 1s 

c , - - 2 - i !  
Ih, + .0019) 

PF 

The cell 15 therpfare, a cal~brated varlable capacitor and 1s 
often used as such In drelectr~c measurement? 

Whcn the ~ a l c ~ h a t ~ o n s  for curve f~ t t lng  are not 
possrhle or not appropr~ate, a ~lrnple I l t  c a n  be made ~ 1 1 1 7  
the straiqht line betweon the flrs;t and last riala pants, 
e g , f he polnts hl a t  0254 and hsat 381 0 above 

In t h ~ s  case 

and ,  a t  381 cm, 

The reqults obta~ned tn thls example arp good, but to 
avold errors from a bad measurement at t h ~  chosen 
po~nts, the calculat~ons should he repeated at other  polnts 
ar the data plotted to  see haw well the polnts f ~ t  a 
5tralght l ~ n e  

Slnce the electrode d~ameter, d, and therefore t h ~  
slop? s, can be expected to reman constant wlth tlrne, 
a qtrrck check for changes In the micrometer error, h,,. 
can be made at anv time for a cell wrth a cal~brated value 
of s by measuring at some po~nt,  h,, on the micrometer 
the correspond~ng C and calculating 

h,, =$-  hm. 

MEASUREMENT METHODS 

Measurement with Contacting Electrodes (a qulck 
result, but use w ~ t h  cautton) The d ~ f ~ n ~ t l o n  of d~electrrc 
constant, E ,  = Cx/Cm suggests that E ,  can be determ~ned 
by two measurements of capac~tance- ( 1  1 C1. the 
capacitance of a test cell w ~ t h  the unknown materm as the 
d~electrlc, and (2)  CF, the capac~tance of the same 
cell, w ~ t h  the same area and spaclng, but wlth vacuum (or, 
usually, air wtth negllg~ble error) as the d~electrlc between 
the electrodes Thrs slrnple method can be used ta 
determine E, and tan 6 {= D} wrth a rnlnlrnum of calculat~on 
but not w ~ t h  great accuracy, e,g,  wlthln 10% 

As an example of the method, a sample of acryllc 
plastic sheet was measured In the test ceH (Rgure 4) The 
sample was a square 7 62 x 7 62 by Q 292 cm thlck 
The electrodas of the test cell were opened, the sample 
tnserted between the electrodes, and the ~lectrodes closed 
w ~ t h  the micrometer until the electrodes lust touched the 
sample NOTE. Do not force the electrodes agalnst the 
sample by turnlng the m~crometer with more thar~ a very 
l~ght  ftnger pressure Excesswe pressure w ~ l l  change the 
mlcrometer cal~brat~on or damage the screw threads 

SPECIMEN 
Measure: Cl and Dc 

AIR 

CF and DF 

Figure 4. Measurement with Contacting Electrodss 

W ~ t h  the specrmen between the electrodes, the 
capac~tance. C,, and dlssbpat~on factor, DC, are measured 
and the mlcrometer readrng, h,. 1s recorded For this 
speclmen 

C1 = 29 5441 pF Dc = 0436 h, = 2941 c m  
The speclmen was then removed from !he cell, the 
rnlcrometer readjusted to h, = ,2941 c m  and t h e  alr 
CF and DF measured 

C F = 9 5 4 2 2 p F  OF= 00001 h,= 2941 crn 
The dlelectrrc constant of the speclmen IS, neglecting 

the small drfference between CF In arr and C, bn a vacuum. 
E r =  C1/CF= 29 5441/9 5422 = 3 10 

The d~electrlc d~ss~patton factor, tan dx I =  Dxl 15 

0436 
The d~ssrpat~on factor Dx or tan ax of the speclmen 

ts, for most purposes, thp measured Dc= ,0436 01 the cell 
w ~ t h  the speclmen, because the loss In the empty cell and 
the phase errors In the brrdgc are both very small. e g 
DF = 00001 at 1 kHz Thp clear, dry 3 ferrn~nal test 
cell can be used as a standard of low lass { D  = 0 2 
00005) to  test the phase error In the br~dge standards 

and ratro T h ~ s  error In the 1 61 5 anti 1 61 fj Br~dges w ~ l l  
b~ of the same order of rnagnrtude as the uncerta~nly of 





CAPACITANCE 
CllSSlPATlON 

FACTOR 

FLUtP 1 ( A I R )  FLUID 1 + SPECIMEN FLUID 2 - SPECIMEN 

AC, = c,  - c,, 
AD1 = Dc-DF, 

DIELECTRIC CONSTANT 
OR RELATIVE PERMITTIVITY 

Er 

OR. TO USE THE 8 MEASURED VALUES OF C AND O 

THEN 

f t  - A -- A - S - F t P  
E~ 1 AP- SF 

h - A - S - F +  P - -  
ho A - F  

A (S -  P) 
D K =  Dc+ A P - S F ( Q C - ~ F , )  

OR 

DX = DCZ +  ID^^ - ~~~i 

Figure 6. Two-Fluid Method 

equaT~ons are glven In F~gure 6 The results of t h e  
calculatrons are 

e ~ z  = 2 296, w1t7 E F ~  of arr assumed to be 1 0005 
6, 3 236 a'{O" J 
Dx = ,0461 9, calculated from Dc and DF; CC* 
13, = 04530, calculated from -DF>?by~i7 - 

The calculated thickness is 
h = 0,2906 crn  for h,= O 31 94 crn 

Measurements on Liquids P ~ r m ~ t t ~ v ~ t ~  and drssipat~on 
lactor rneas~~rrmpnts on Irqu~ds are srm~lar In prinrlple 
to  thos~l on sol~rls In that t h ~ v  are basically measurements 
on a rilpacilor In which t h ~ ,  tw t  speclmen I S  the d~electrrc 
They avod l t ie  p r o b l ~ m  of makrng the ~ l e c t r a d ~  conform 
to h~ <IwrlrnPn qlnrF, w ~ t h  I~qlr~r l< thp specimen readilv 
c:nnf@r rns to the electrodps Cantam~nat~on of the 
sj?rll.-lmvn 15 more c r ~ t ~ c a l  however, and much more care 
m , f t  2 3 ~  f a  ken to avo~d ~t For this reason. the LD-3 Cell 
I S  1-1cr 5~11tabie for most measurements O n  I ~ q u ~ r l ~  except 
fcr t h~ ones crsed In the flu~d-d~splacernent r n ~ t  hods of 
ln~asurements on sol~ds 

ASTM 0924 shows several suitablc three-trrm~nal 
ceEls and one of these IS shown In IEC Pi~bl lcat~on 250 
Both standards g~vt: detatled rnstruct~ons cleanlnq the 
cell.; prlor to use. Except for cleaning t h ~  cells ~t IS a 
s~mple matter to rnaka measurements at roam 

AC2 = C, - CF2 
AD2 = Dc2-DF2 

OCSSlPATlON FACTOR 
D or TAN 5 

tern~erature and a t  the vcr l taq~s normally L I ~ P ~  ~ l t h  t h e  
br~dge 

As an erample a Ralsbai~gh T V ~ P  350G cell (which 
had been cleanecl #n accord arc^ w ~ t h  ASTM 09241 was 
connected to  a 167 5 b r ~ d g ~  w ~ t h  the samq patch cords 
u s 4  lor the LD 3 The 874 R22A was conncctetl to thp 
guard and  guardprl etPrtrcl.de a w l  the 434 was plugqod R '*' 
Into the outer or unguarded c l e c t r o d ~  The frequency 
was set at 1 kHz wtth 30 volts supp l i~d  to t h ~  br~dge 
The brldge wa5 ba anced f ~ r s t  with the cell empty a n d  
then after The cell had been illled w th  the lhquld u i d ~ r  tqs t  
The fol low~nq read~ngs were iaken 

C, = 33 982 pF Capacttance of the cell wr:h alr 

as f h ~  dlelect rlc 
C P  = 1 53 222 pF Capa~t tance  of the cell w~:h  the 

l~quld ar the drster;trrc 
Dl = O  D~sslpallon factor wlth arr as the 

dtslcrtrrr, 
D, = 0 001 21 D~ss~pat Ion factor w ~ t h  t h ~  J I Q I J I ~  

as a dleiectr ic 
The permjttlv~ty t of the lrquld was 

and t he  dtsslpat~or tactor D was 
Q = D 2 -  Dl =000121 -0=000121 



The Largest use of l ~ q u ~ d  ~nsulat~on rs In apparatus for for heating and testing the llqulds at 1 OO°C The lnstructlon 
the electrlc power ~ndustry. It IS used rn transformers, manual for the 1 61 5 glves d~rec t~ons for ~nterchang~ng 
cables, c ~ r c u ~ t  breakers, capacntors and s ~ m ~ l a r  the generator and the detector connections In order 
appl~cations Usually the tests are made a t  power to apply hlgher voltages to the br~dge The d~ss~patron 
frequency, a temperature of 1 OO°C, and a voltage factor of knsulat~ng 011s of petroleum orlgln rs much higher . 

gradient of at least 5 V/rn~l  (200 V/rnrn). Detanled at 1 OO°C than at room temperature so measurements 
~nstructlons are gtven rn ASTM 0924 on the procedure are poss~ble rn sp~te of the reduced sensltlvlty of the br~dge. 



d 620-A Capacitance-Measuring Assembly 

w 0.01% accuracy, I-ppm resolution 

lever balance, in-line readout 

w reads dissipation factor or conductance 

- 

The 1620-6 is 2 self-contained assembly of the GR 
1615-A Capacitance Bridge w~ th  appropriate oscillator 
and null detector for measurements at 11  frequencies 
between 20 Hz and 20 kHz. For applications requiring 
other or h~gher frequencies, to 100 kHz, the 1615-A 
bridge can be supplied separately and the oscillator and 
detector selected to meet your needs. 

The 162Q-A is intended for 
accurate and precise measurements of capacitance 

and dissipation factor 
measurement of circuit capacitances 
dielectric measurements 
~ntercornparison of capacitance standards differing En 

magnitude by as much as 1000:l 
The 1615-6 Capacitance Bridge brings to the measure- 

ment of capacitance, to the intercompasison of stan- 
dards, and to the measurement of dielectric properties 
an unusual degree of accuracy, precision, range, and 
convenience. 

High accuracy is achieved through the use of precisely 
wound transformer ratio arms and highly stable stan- 
dards fabricated from lnvar and hermetically sealed in 
dry nitrogen. For calibration these standards can be 
intercompared. 

Two- or f hree-Terminal Connection Accurate three- 
terminal measurements can be made even in the pres- 
ence of capacitances to ground as large as 1 pF, as might 
be encountered with the unknown connected by means 
of long cables. The bridge has the necessary internal 
shielding to permit one terminal of the unknown capaci- 
tor to be directly grounded, so that true two-terminal and 

three-terminal measurements can both be made over the 
whole capacitance range. 

Convenient Operation For both capacitance and dis- 
sipation factor, the balance controTs are smootily operat- 
ing, lever-type switches. The readout is digital and the 
decimal point is automatically positioned. Eazh capaci- 
tance decade has a -1 position to facilitate rapid bal- 
ancing. 

The 1615 elementary diagram is also clearly delineated 
on the front panel of the bridge. Changes in connections 
and grounds are autumatically indicated, as you switch 
the bridge terminals for d~fferent measurement conditions. 

Extend Range to 11.1 pF With the 1615-PI Range- 
Extension Capacitor, the 16154 will measure to a maxi- 
rrrurrl ul 11,11110 pF. This capacitor plugs into front- 
panel bridge terminals and can be adjusted for zalibration 
to the bridge standards. 

SPECIFICATIONS 
Performance: Refer to the 161 5 Bridge. 
Frequency: 50, 60, 100, 120. 200, 400, 500, 1000, 2000, 
5000, and 10,000 Hz, For use below 100 Hz, 1620-AP [ w ~ t h  
preamplifier) should be used for resolution beyond 0.01% or 
0.01 pF. 
Generator: 131 1-A Qscillator. 
Detector: 12324 Tuned Amplifier and Null Detector. 1232- 
P2 Preampl~fier added in 1620-AP. 
Power: 105 to 125 or 210 to 250 V, 50 to 400 Hz, 22 W for 
oscillator. Null detector and preamplifier operate from inter- 
nal battery, 9 BusgessType €4 cells or equivalent. 
Mechanical: Bench cabinet. DIMENSIONS (wxhxd): 19.75~ 
19x11 in. 1502~4e3~280 mm). WEIGHT: 59 Ib (27 kg) net, 
96 Ib (44 kg) shipping. 

Catalog 
Descript ian Number 

Capacirance-Measuring Assembly 
1620-A, 115 V 16!20-9701 
16206,230 V 162bP702 
1620-AP. with 1232-PZ, 11 5 V 1520-9829 
1620-kP, wlth 1232.P2. 230 V 1620-9830 

Replacement Battery (9 used) 8410-1372 

v National stock number 4931-00-91 6-5952 9 



161 5-A Capacitance Bridge 
The 16154 is an accurate, high-precision bridge for 

the measuremen t  and intercomparison of standard ca- 
pacitors, circuit component capacitors, or dielectvc ma- 
terials. It is avai lable with oscillator and detector in the 
1620 assembly.  Or, to take full advantage of its wide 
frequency range, the bridge can be ordered separately 
fur use with osci l lator and detector especially selected 
for your purposes. 

1615-P1 1615-P2 

SPEC1 FlCATlONS 
RANGES ACCURACY 

Capacitance. 10 aF to 1 111 10 rkF [10-'1 lo 1 0 - 4  farad) in 6 ranges. A t  1 kHz, .?[00IoA 1- 0.00003 pF). At  higher frequencies and with 
d~rsct-rpading, 6-figure re5olut ion, least count 10-l7 F (10 sF) With high capacutance, addil~onal error is 
~ a n g e - ~ r ~ e n s l o n  C a ~ a c i t a r  u ~ p e r  limit is 11 11110 uF. 1 3  -x 10-% + 2 (CIZF) x 104% 5 3 x 1C+' OF] x (t(ul)'. 

A t  lower frequencies and wlth low capacitance, accuracy may be 
limited by bridge sensit ivity. 
Comparison accuracy, unknown to external standard, 1 ppm. 

Dissipation Factor. 13, A l  1 kHz, 0 000001 to 1, 4-figure reso ution: ?[P.l% of measured value I P S  (1 4- f k ~ ~  + 5 T ~ H I  Crr)l  
least count, 0 000001 (104); range varies directly wath freQueKY. 

Conductance, G ,  10-4 1i1J t3 100 ~(11, 2 ranges +, 2 ranges -, 4 figure ?[I% 01 measured value $ lo4 rU -L 6 6 10-r flu, C I I F  K ( 1  + 
restdullon, least count 104 1t?I, indenendent of frequency; range f r ~ ~  t 5 fmr C~rr )  uij 1 
varres wuth C rahIBe 

Standards: 1000, 100 10, I ,  0.1, 001, 0.001, 0.0001 pF. 
Temperature coefficient of capacitance i s  less than 5 ppml "C 
for the 1000-, loo-, and 10-pF standards, sllghtly greater for 
the smaller units, 
Frequency: Approx 50 Hz to 10 kHz, Useful with reduced ac- 
curacv ta 100 kHz. Below 100 Hz, resolution better than 
0.01% or 0 01 pF requlres preamplifier or specla1 detector. 
Generator: GR 13 10 or 13 1 1-6 ascillator recommended. Max 
safe generator voltage 130xfr~,) volts, 300 V max, If gelerator 

Elementary schnmat ic diagram 

and detector connections are interchanged, 150 to 500 V can 
be applied, depending on switch settings. 
Detector: GR 1232-A Tuned Amplifier and Null Detector rec- 
ommended. For increased sensitivity needed to measure low- 
loss small capacitors (on lowest C and 0 ranges simultane- 
ously) at frequencies below 1 kHz, use 1232-AP or 1238 (with 
131 1 oscillatorE. 
Supplied: 874-W0 Open-Circuit Termination, 874-R22A Patch 
Cord, 274-NL Patch Cord. 
Available: Type 1615-P1 RANGE-EXTENSION CAPACITOR: 
161 5-P2 COAXIAL ADAPTOR converts Bterminal bir ding-post 
connection on 1615 bridge to GR900B Precision Coaxial Con- 
nector for highly repeatable connections and enables meas- 
urements with adap:or to be direct-reading by compensating 
for terminal capacitance. 
Mechanical: Rack-bench cabinet. DIMENSIONS {wxhxd): 
Bench, 19~12.75~10.5 in. (483x324~267 mm); rack, 19x 
12.25x8.5 in. (483x311~217 mm); 1615-P1 (dia x In ) :  3.06~ 
4.87 In, (78x124 mm). WEIGHT: 39 Ib (18 kg) ret ,  58 Ib 
(27 kg) shipping. 

Catalog 
Descriplion Number 

16154 Capacitance Bridge 
Bench Model - 1615-9801 
Rack Model 1615-9811 

1615-PI Rangr4xtsnsIon Capacitor 1615-9601 
1615-P2 Coaxial Adaptor, ER9OO to binding pasts 16159602 

'' Natlonal stock numbers 6625-00-470-8446; 6625-00-005-7276 
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1316 Oscillator 
B 10 Hr to 100 kHz 

up to 125 V or 5-A output 

output level adjustable and metered 

in-phase and quadrature reference outputs 

in-line readout dials 

B current-limited output -short circuits OK 

Convenience and performance Set four controls and 
the 1316 provides any frequency f rom 10 Hz to 100 kHz 
with 1% accuracy and with little chance of an improper 
setting- the dials provide in-line readout, includ~ng dec- 
imal point and frequency units. Set two more controls, 
and the 1316 provides up to 1.6 watts of output power 
(125 V open circuit or 5 A short circuit), low distortion, 

- and accurate metering, 
These features alone would qualify the 1316 as an ex- 

cellent general-purpose oscillator but i t  offers more: Out- 
put constant within -1-2%, excellent stability (only 0.005% 
drift over a 12-hour period), and a synchronizing feature 
that allows the oscillator to be locked to an external stan- 
dard for even greater accuracy and stability. 

Excellent bridge oscillator The 1316 is a high-perform- 
ance br~dge oscillator specifically intended for use with 
the 1238 Detector and the 1616 Precision Capacitance 
Bridge. The oscillator supplies 2 references (in quadra- 
ture j  for the 2-phase phase-sensitive detector, which en- 
ables you to make independent and ultra-precise bar- 
ances of the conductance (real part) and capacitance 
(imaginary part) of capacitive devices. 

The 1316 contains a Wien-bridge oscillator isolated 
from the load by a low-distortion transformer-coupled 
power amplifier.  h he oscillator circuit includes a provi- 
sion to introduce a synchronizing signal for phase locking 
or to extract a signal, independent of the output setting, 
to aperate a counter or to synchronize an oscilloscoee. 

SPEClFlCATlONS 

Frequency: 10 Hz to 100 kHz in 4 decade ranges. controlled 
by one Il-position and one 10-position switch for the most- 
significant digits and a continuously adjustable dial with de- 
tented zero position for the third digit: in-line readout with 
decimal point and frequency units. 
Accuracy: -C1% of setting with continuously adjustable dial a t  
zero detent posiiion. DRIFT (typical at 1 kHz): Warmup 0.1%, 
short-term (10 min) O.OOL%, long-term (12 h) 0.005%. RE- 
SETTAB ILITY: Within 0.005%. 

Power Output: CONTROLLED by 5-pusitiur~ swilch d~td url~ali- 
brated vernier. MONITORED by meter with *3"/0 accuracy. 
AVAILABLE at rear BNC connector. 

Output Range 
1 1 .5V I 5 V  I 1 5 V  I S O V  I 150V 

Response utpwt constant wfthrn 52% from I0 Hz to 100 k H z *  

Short Circuit I 

O~slorl~on < 0.2": from 100 Hz to lQ kHz 

lmprdanrr ri 75 n 250n 2.5 k f l  

Power P.6W ma% into matched load 

Open circuit E, rrns 

Distortion 

Hum 

*?5% for outpuls >30 V rrns at frequencies >50 kHz. 

Reference Outputs: Quadrature output lags in-phase output by 
90'. Each ava~lable a t  rear BNC connectors. 

> 1 25 V 

I \ OUTPJT OIYTOMTIDN L I M I T S  

9 I  I 

Output, open-clrcu~t 1.25 0.25 V rms 
Dlstortlon, 100 Hz lo 10 kHz 
Response, 10 Hz to 10 kHz .: 2% 

10  HZ to ~ o a   HZ 2 4 %  
Minimum Load 47 kR 

< O  296 from 100 Hz to 10 kHz 

0.003a.b of max output 

2 4 V 

Synchronization: INPUT: Frequency can be locked to external 
signal; lock range, + l Y b l Y  rms input up to 10 V; frequency 
controls function as phase adjustment. OUTPUT: 20.3 V rms 
behind 27 kc; useful to sync oscilloscope or to drive a counter 
or another oscillator. Single rear BNC connector serves as 
both input and output terminal. 
Power: 100 to 125 and 200 to 250 V, 50 to  60 Hz, 36 W. 
Mechanical: Bench or rack mount. DIMENSIONS (wxhxd): 
Bench, 19.75~5~13.06 in, (502x127~332 mm); rack, 19x 
3 47~11.44 in. (483x88~291 mm). WEIGHT: Bench, 26 Ib 
(12 kg) net, 32 Ib (15 kg1 shipping; rack, 21 Ib (10 kg! net, 
27 Ib (12 kg) shipping. 

Catalog 
De5cri~tion Number 

1316 Oscillator 
Bench Model 
Rack Model 

> 12.5 V 2 40 V 3 125 V 



1238 Detector 
10 Hzto l00kHr 

w 100-nV lul l-scale sensitivity 

magnilude, in-phase, and quadrature meters 
for rapid bridge balances 

excellent bridge detector 

Designed for the difficult If you've ever had to extract 
a small signal from noise or to resolve a signal into its in- 
phase and quadrature components, you can appreciate 
the advantages of the 1238. With its high gain - 130 
dB -and meters not only for magnitude of the ~nput 
signal but for the in-phase and quadrature components 
as well, the 1238 lends itself handily to  the most exacting 
applications. 

This high-performance detector is attractive in other 
respects also, including 1-Grl  input impedance for rninl- 
mum load~ng, overload protection against signals up to 
200 V, and flat or tuned frequency response (with or 
without line-frequency rejection) to tailor the detector to 
your signal no matter how "tainted" it might be. 

Excellent bridge detector In combination with a spe- 
cial oscillator, GR 1316, that supplies the necessary 
quadrature reference channels, this detector is superb 
for sensitive audio-frequency detection. The combination 
is specifically intended for use with the 1616 Prec~sion 
Capacitance Bridge, enabling resolutions of one part In 
10' of 10 pF. Refer t a  the 1621 Precision Capacitance- 
Measurement System. 

SPECIFICATIONS 
Frequency: 10 Hz to 100 kHz, flat or tuned. FLAT: -5 dB 
from 10 Hz to 100 kHz. TUNED: Set by 4 in-line readout dials 
with &5% of reading accuracy, 2 to 4% bandwidth, and sec- 
ond harmonic 230 dB down from peak. LINE-REJECTION 
FILTER: Reduces line level by 340 dB while signal is down 6 
to 10 dB a t  10 Hz from lrne frequency; filter can be switched 
out. 
Signal Input from bridge or other source: Applied to rear BNC 
connector. SENSITIVITY: Also see curve; 100 nV rms typical 
for full-scale deflectlon a t  mast freauencies. cornnresslon can 
be switched in ta reduce full-scale sensit~vi't~ by '20 dB. IM- 
PEDANCE: 1 G l V Z O  pF. MAXIMUM INPUT: 200 V rms. 
VOLTAGE GRIN: ~ 1 0 5  dB In flat mode. -;I30 dB in tuned 
mode, set by 12-position switch. S P ~ T  NOISE VOLTAGE: 

The 1238 Detector consists of a high-impedance low- 
noise preamplifier, a tuned arnplif~er, a compression 
amplifier, and two phase-sensitive detectors. Three panel 
meters provide the indications: one displays the rnagrci- 
tude of the input s~gna l  and two others s~rnultaneously 
display its in-phase and quadrature components. The 
reference signals can be rotated continuously from O 
through 360 to ensure that the phase meters respond 
independently to the components of significance to you, 
for the most rapid bridge balances or signal analysis. 

The effects of noise, hum, or any other input-signal 
contaminants are normally reduced or elimrnated from 
your measurements by means of a tunable filter, I~ne-re- 
jection filter, and selectable t ~ m e  constants in the phase- 
sensitive detector circuits - all contralled from the front 
panel by the simple push of a button or turn of a knob. 

<:30 nV - \'bandwidth., a t  1 kHz wth  Input impedance of 70 
Mrl 500 pF, MONITORED by magn~tude, ~n-phase, and quad- 
rature meters; phase sens~tive detectclrs contain t~me-curl- 
stant var~able from 0.1 to 10 s i n  5 steps. 
Reference Inputs from oscillator: Applied to rear BNC connec- 
tors, Two > l - V  rms reference s~gnals requ~red, with 90' phase 
di f ference between them PHASE SHIFTER rotates both ref- 
erences continuously from 0 to 360 and two verniers rotate 
each reference ~ndiv~dually - I 0  . 
Outputs: MAIN AMPLIFIER: 4 V rms (approx 2.3 Y for full scale 
on Magnrtude meter) ava~lable at rear BNC connector. MAG- 
NITUD-E: 6 6 Yc for full scale deflectlon, PHASE DETECTORS: 
Up to E V dc each for full scale deflection (dcpend~ng on Sensl- 
trvity setting); avarlable at rear 5-pin type 126 jack. 
Environment: TEMPERATURE: 0 to 155 G operatir~g, --40 to 
- 75 C siorage BENCH HANDLING: 4 in. or 35-  (MIL-Blob- 
VI ) .  SHOCK: 30 G ,  1 I ms (MIL-T-4807A 4.5-3A). 
Required: Oscillator w i th  O and 90' outputs; the 1316 Oscrl- 
lafor IS  recommended. 
Power: 100 lo 125 and 200 to 250 V, 50 to 60 Hz, 15 W. 
Mechanical: Bench or rack models. DIMENSIONS (wxhxd). 
Bench, 19.56n6.66x12.94 in. (497x169~329 mm) ; rack, 1 9 ~  
5.22~13.06 In. 1483x133~332 rnm). WEIGHT: Bench, 27 Ib 
(13 kg3 net, 40 Ib 119 kg) shlpplng; rack, 21 Ib (10 kg) net, 
34 I'b ( 16 kg1 shipping. 

Description 
Catalog 
Nunrber 

1238 Detector 
60-Hz Bench Model 1238-9700 
6 0 . H ~  Rack Model 1238-9701 
50.H: Bcnch Madel 1238-9703 
513-Hz Rack Model 1238.9704 



Three-Terminal Research Cell 
MODEL LD-3 -- 

For Measurement of 

DFeFectric constant 

Dissipation factor 

Permittivity 

Loss factor 

On Such Materials as 

Synthetic Films 

Elastomers 

Fibrous Materials 

m Plastics 

Laminates 

Description 
The LD-3 is a Irquid-tiqht, three-terminal cell with a 

6.35 cm diameter guarded electrode, varialslc In spacing 
from O to  0.8 cm. Electrodes are constructed of sta~nless 
steel, with a housing of plated brass and Teflon4-type 
~nsulation. 1 1  can he operated a t  temperatures up ta 
200' C and at frequencies up to 1 MHz. 

Advantages 
The LD-3 cell is a versatile piece of test equipment, which 

may be used to  perform dielectric measurements by the 
micrometer electrode method, the air gap method, the 
liquid displacement method or the two-fluid method. S~nce 
i t  is a three-terminal cell, fringing.effects are minimized. 
Single specimens o f  varying thicknesses can be measured 

*Teflon is  a rssistered trademark o f  the Du Pont Co. 

with full accuracy since the electrodc spacing I S  adjustable. 
When used as a liquid displacement cell, the dielectric 
constant of the immersion fluid can be determined directly 
in the cell, and, as with all liquid displacement rneasure- 
ments, dependence on  accurate knowledge of the sample 
thickness IS greatly reduced. I f  the two-fluid method i s  
employed, extreme accuracy is obtainable s i n c ~  thickness 
determinations on the specimen are unnecessary. 

Tha unit is suitable for a wide variety of measurement 
situat~ons. I t  can be used as a three-terminal micrometer 
electrode system, in which the sample i s  clamped between 
the electrodes, and the electrode spacing, capacitance and 
diss~pation factor are recorded. Upon removal of the sample, 
the electrodes are positioned closer together to  rebalance 
the bridge and the new spaclng IS recorded. The electrical 
Darameters of the sample can then be computed. 
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