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Impedance measurement, as every engineer 
knows, is a simple process. Cbnnecr the device we 
want to measure to a suitable bridge, adjust the 
Rials for a null and read the impedance compo- 
nents froin the dial set~ings. With reasonable 
care these answers are correct for what the bridge 
sees, but wha~ do they mean? Are they in a form 

.- - - 
tve can use? lye  usualIy want to know the char- 
acteristics o l  a component under the proposed 
conditions oh use. 

IE a suitable bridge is available, the measurc- 
ment obrior:sly shoulcI be made at the desired 
frequency, voltage and temperature. To make 
measurements that are useful, we have to decide: 
I .  TlThy is the measurement being made? 
2. Tl'hat use 1viI1 be made oE the results? 

fMPEDANCE CHARACTERISTICS 
BcsitEes measurements of resistive and reacti1.e 

components, tlrere are two sets of definitions of 
first importance in deciding ~ r h a t  to measurc: 
one consists of expressions for the loss compo- 
nents; the other is the difference between, ant1 
the rclazions between, series and parallel compo- 

Dissipation factor, which varies clirectly with 
the loss, is used commonly for capacitors and to 
a lesser extent lor intluctors. Its rccipt-oc~l, stor- 
age factor Q, more often user1 Icrr inclnctol-s 
because i t  is a xneasul-p of the voltage stcp-up in 
a tuned circuit. T l ~ e  bridge can often be ar- 
I angetl so that the control lor the resistive bal- 
ance can be calibrated in dissipation factor or in 
storage factor for a given frequency. 

Another quantity, loss factor, often u s ~ d  in 
specilying dielectric properties, is she product 
(KD) of the dielectric constant and the dissipa- 
tion factor. 

Series and Parallel Component-The imped- 
ance of any device can be expressed in terms of 
citIlcr series or parallel components. One cannot 
tell from a single measurement whether resistive 
and reactive elements in combination are actual- 
ly in parnIlel or  in series, but regardless of the 
physical conEigurntion, the resistive and seactire 
rc nnponents can be measured and expressec! as: 

nen ts. [ Bi R G I  
Dissipation Factor and Storage Factor-An im- O *  cot O ~ T E - - - . - ~ ~ ~ ~ . J  B Q 

portant draracteristic of an inductor or a ca- x Power Faefor SI 

pacitor is the ratio of resistance to reactance, or R cou#= - 
of conductance to susceptance. This ratio is Z e 
termed diisipntion factor D and its reciprocal is 

I e 
R G 

storage factor Q. These ratios are defined in  iff. Q= tan.=+f*6= c . 6  

1 in terms of phase angle 8 anrl 105s angle 8. Dis- 
sipation factor is directly proportional to the R and X are series resistance and reactonce 
energy dissipated, and storage factor to the ener- G and 5 are parallel conductance and svsceptonce 
gy stored, per cycle. Power factor is deElned as 

PF = cos B = sin 6 F ~ E .  1-Vector diagram showing the relations - 
ancl differs from dissipation factor by less than between D and Q, and angles @and 8. 
I percent when their values are less than 0.1. 



I .  Ser ies  impedance components; 
2. Parallel impedance components; 
3. Admittance components. 
T h e  c h o i c e  is a mattcr of con~eniencc Lor the 
p r o b l v m  at hand. 

The relrrtions between these rarious systems 
(see Fig. 2) are 

1 R Y G  - R P  - - t n  =-= -2-,-?= 2 Q=L-- - 
R, XI , -  C;, Q s, R,. H,, 

I t  shoulrl be noted that only for valtrcs or Q he- 
Inrv 10 (or 13) > 0.1) does the clifference ber~\+een 
sprier and parallel reactance exceed 1 percent. I t  
is obi*ious that i f  there were no losses in t h e  re- 
a c t i ~ c  elements (i.e., Q = w ), series and parallel 
reactance wouId be equal. For very low Q's, how- 
ever, the difference i s  marked; when Q = l ,  
the  p;w:\lEel reactance i s  twice the series reactance. 

Fig. 2-Series and parallel components of impedance 

Wlicthcr :I A~riclgc ~ i ~ o , ~ s u r c s  \crier o r  ]>:~r:tllcl tz11np3n"11tc 
depends tlllnll its ~ ~ n l i g u r ; ~ t i o t ~ .  'I'lltl I x i ( l q ~ ~  showll in Ras. 
3it ; ~ R I I  13, Ior ex:mlplc., ~v i l l  !iclrl p;trallel v;tItrer TOY the un- 
known. SirniInrly, t l ~ c  britIgcs of Figs. jc  ;~ncl d. !\.ill give 
scsies vit lue~. 

I17ith t l~ese re in t~ons  in  mind, ~ v c  rxn consirlcr the char- 
:~cteristics ol tlie thing to be rneasuretl: 
1. 1 5  it R, L or C? II this cannot  1)e determined by inspec 
tlrltl, ;I "ullivcrsal" bridgc that nic;isures all three quantit ics 
\\ill cluic3rIv scttlc the qucrtinn. 
2.  !!I w1i;it lor111 sl~ouIrl the answer be? Par;lllt.l a r  sorics 
~ x ~ ~ ~ i i e t e r s ,  irnpetlsncc rnagni tuclc anrl phase a ~ ~ q l e ,  or  itrl- 

initt;~nce? Do rvr rvnnt tlie result ill capacft;~nce a r ~ d  rlirrip:i- 
tin11 Factor ( i l  the unknorr,n is a. cnpz~citance) or [lo rite w:Int 
r ,Ilni\ reactance and ohm4 resist:~nce? T h c r e  are  bridgcc ;[\.ail- 
i111lc to rcacl out at1 OF thcse quantitics. 

.It rndin frcclucnries, low impetlances usu;~lly arc  n~eaa~~rr t l  

;I* wrirs elcnler~ts. f ~ i q l ~ c r  i n ~ p c d ~ ~ n c c r  : i~  p;irallcl. Brirlges 
r l ~ , ~ r  rcarl i ~ i  o l i i t i s  ~ ~ \ u ; l  l l r  a rc  t l c+ ig~ l r~ l  l o r  lour.-i~r~llcdancc 
nlr;r\urLbli~cnts: ~ I I ~ F C  lor l~i:, 'l~-intj~ed:~t~ce are IIiorC likely to 
rtb;~<l i11 I I I I I O ~  (pr~>l):il~lv 111 i t ror~~I i{~s)  . - 

\\'IliIc ollc bet  nu paratiicttTr\ C;III Ile t o t ~ v c ~  retf to t h r  nillcr, 
tltcre ,Ire iiirt;l~ices whcrc onl!. t m e  ~r,ilI yiclil u r r l ~ r l  infnm:i-  , 
i ior~. t:c~r csarnplc, n ~ , : ~ r , ~ l l e l  cirtltit iit.;lr rt.\olinl1cc cl~oultl 
I)c 1~c;tsuretl i n  tcrnv ol ~ ~ a r a l l e l  p,triimetcra 1c1i i lc all in-  
r l ~ ~ c t o r  beIow its f reqt icny of in;ksiirlum Q sholllcl hc 111e;ls- 
~tl.ctl ; I \  ;7 5erit.a circl~it .  

S i l~~ i l ;~ r ly .  iT the Inss in :I tap;lcilc)r is prer lnni l~i ; l~~t ly  srricc 
wsis t ,~~rce ,  serica paralncterb are indfratc.tl; iI the 10s~ is niaiti- 
I \  in the iliclcctric or  in lefik:t:,e rehirt;tnce. parallel p;tr:tmc- 
trei-5 will Ilrcwllt the  I I C F ~  l~ictui-e nf w11.1t is Ilaplie~iing. 7'Iicse 
c c,nsitler;ttiolrr arc usually irnportar~t on ly  wlicn D apl,roaclic~ 
o.1, ~vllir 1 1  is tllc. p o i ~ t t  whcrc t l ~ c  clifference I>erween writs 
,~ncl ~ ~ : t r ~ I l c l  c : t p ; ~ c i  t:tnce i s  1 pcrccnr. 3Iorc ]>reci$ion iq not  
1t,14i1ire(l or(li11;trily {jn Iiigll-low c:~p:~citnrq. 
:4. 1% the 11nk11o~rn a lion-linear elrmenr? If it is :in i i ~ r l u c ~ n r  
rr it11 a Fcrro-1rr:ijine~ir core, nr rvh;rt evcitntinn level is the 
Illc,rwrculcnt tt, lie ~ r~ ; tde?  . \n inrluctnr Tor use in a low- 
1r.vt.l I'fltrl- can Ilc n ~ c a ~ ~ ~ r c t l  on an nrdinnrv inductance 
Ijri t l~c: rnc;tcurc~iient nf ~~orver-supply  cliokes, llnwerer, re- 
r111is(. a so-callctl incremental inrluctnnce Ilridge wilt11 provi- 
alnn k)r Imrh d-c 2nd  a-c c x c i t i ~ t i o ~ ~ .  

'1111. Il!ra,twrclrbcnl ol iroti-~orccl inrlt~tt t lrs rcquirec Lon 

Icnjirl~? ; I  lrtb;ttlncnt ti1 Iju col~sitlr.rerl in  clet;~il hcte, but wl1~11 
t l ~ r  tlu:tntity to bp rncasllrc(1 v;lries ill m : ~ g ~ l i ~ i ~ d e  with t l ~ c  
; r l ~ [ ~ l  irrl I oltagc, rll,viously thc mrasurcrnent must br made 
ur~t lcr  knotrdn ; t r j r l  mntrnllrcI conditionr.' 
1. !\:list arc  tltc 1rhysir.11 aspvrrs ol the unkncrwlt in~l)c.tl,ll~ce? - 
]\'ill t l ~ c  i n ~ p ~ r l ; u i r r  o l  lcatls to tlac I~r idye I)e siglifir;int? 1s 
it \ r l  Illzlkv that ils c:~j~acitaiice t c ~  grouficl will be a l a ~ t n l ?  
\\'ltcrc IC;III ~ I I I ~ P [ F ; I I I ~ C  '~ncI tcn11in:tl ~ i ~ p : t c i ~ a ~ i c e  are  a l  suc l~  -- 
~ r t ; ~ ~ r ~ i t i ~ r l c s  a< lo iiflctt lEic rcsi~lt ,  a 5-terminal mcasurelnrnt 
i \  rlcrcsqnry. . l ' l~lt  c;in l ~ e  [lone Ily t l l tre separate me;rsurc- 
I I I C ' I I ~ S  :11u1 t l ~ ~  I ~ C S ~ ~ C I I  r t ~ i ~ I t  ra!cul;4tcrl, but  ;I I-rettt.r methot! 
ic t o  11$c :I t l ' . l l l< ! i~ r I I~~~  hridyc o r  ;I guarrler! brirlgc. 

.i. I\'li,rt accurnclr ; ~ n d  w h ; ~ r  pruririon arc tlcsirerl i r ~  rllc 
I ~ I C ; I S I I ~ C ~ ~ O I T ~ ?  0 1 1 1 '  c;lnnr>t ;rchicre a n   sol sol ti tc ;rccuracy quite 
; I S  ~norl :I \  tli:it OI hi\ st;lnd:ird, since sonw allotr'alice 11111,t 
I ~ c  111;1(1~' tor I T I C : I ' I I I ~ C ~ I ~ I I ~  C ~ T ~ T S .  l'hc pr~1cision of t h r  nlc,l4- 
urcmcnr. i.c.. t l ~ c  rcbolution of t l ~ c  b r i t l ~ r ,  l ~ ~ u r t  IIC s1111~t;iti- 
tially Ilc'ctc.r tll;<i~ tlw rlcsirerl acLllracy oi mcasurenicnt. ('l'lio 
tcrnis preti\ion :ID(] .Iccnracy ;ITC oftcn coniosecl; ~ i r c r i ~ i o n  - 
is t l ~ u  rcsolurinn with rchich :i ~lu;tii tity c;lrl Ilc rneasurctf. .lc- 
curacy Ilnr in (lo wit11 thc r ln~cness  wit11 ~ v l ~ i r l l  trre call rt.l:i re - 
'ipe "Iron-Cored Coils lor E*.rr n t  Atlrlio F~.rq:r t~~r i rs" ,  Crrrrrnl 
Il'rrdro Cn., Il'rsl C o ~ ~ r o ~ d ,  .llmr. 



Fig. 4-Brid~e circuits in which like react- 
ances, C,. and C,, and unlike re 
actances, C, and L, are cornpard. 

I nur lneasurrlnent to the value of accepted stmdards.  It  is 
well tn r e~nembcr  t h ; ~  t high prccisior~ does tiot require ac- 
cilr;tc!r, Irut high accuracy requires precision.) 

I BRIDGE FUNDAMENTALS 
Kiio~rIetlge or tlre I~n j i c  cl~aracrerirt irs nF thc cornmoll types 

or bridges will llclp us cl~oose a bridge for n pnrticular rncas- 
urernen t. 

I Bridge Circuits-llost impcdnnce Z>ridgcs arc  a-c adapta- 
tiorlr uE the rundarnentill It7heatstone bridge circuir, Fig. 3,  

I wliic.11 113s I,een used for the measurement o l  d-c rcsistance 

I I'or inore than a century. I t  measurcq unknown rcsist:ince in  
tcmis of calil~r:i ted standards oE rcsistance from the relation- 

I vllir.11 is satisIied rvtren the vo l~age  across tllc detector ter- 
-1ui11alg is zero. Thiq nul l  method of measurement is inherent- 

3y c ; ~ l x d ~ l e  o l  WT).  high precision. 
l'llc I1:lsic circuit of Fir. 9 ir ; i l \ r ~  ; i l ~ ~ ~ l i r ; t b t e  to 

: ~ l t ~ r l l ; ~ t i ~ i g - : - ~ t ~ r ~ e n t  rnfilsurc~neiit~.  \i7it11 ~ ~ ~ ~ I > C L ~ ; I I I L C ' S  

sul~sri  tu terl for resist;mccs, two conrli ticms ot balance 
11111~t be satisliccl, o11e [or the resistive cotnpoocnt and  
nlrc for the reartive compotients. T h e  equatinns or 
I);~lancc can be written i n  either of thc Eollrjwing 
forms: 

its i rnp~(fn trcr  component?. wli ilc c q u ; ~ t i o t ~  (91 es- 
presses the u t~knorvn ill term\ of' its n r h ? l i l l n > ~ c ~  CQm- 

Imnetits. To s;itisfy t l~esc  etluationq, at Ieast onc of 
t l ~ c  tliruc arm.; "4, N or R Inurt 3~ cr, i~~plcu. 

Thc ~ r l t k ~ ~ o w n  rcnctnncr car) hc rnc:~st~rctI in tcrnla 
ol ;I similar renctancct i n  an  adjaccnt ;lmm o r  at1 unlike 
rc;tctatlct* in  ttrc apposite arm, 35 iii(Iic;lteCt in Fig. 4 .  

Resistive Batance-Fig. 3 ~ l ~ n r r q  t l ~ c  [our basir mctlr- 
c~rls in corn~non uFe [or bal;incitlq- the 105s component  
or tlie u n k n t ~ w n  impcclancc. Thcsc arc: la) rcsistance 
ill parr~llel with tllc stantlard re;lctrinrc, (b) capaci- 
tance in series with a resistive arm, (c) resistance in 
hcries ~ u i  t l ~  the standarc! reactance snd (d) capaci- 
t:t tlce i l l  p;rr;ilIcl wit11 a resistive arm. 

T h e  Transformer Bridge-llodcrn design trans- 
i n r m c r ~ ,  when used as ratio arms in a Ilridge. can 
yicld much more accurate voltage ratios tl1;1n cat] 
co~~vc i~ t ion ; t !  resi?tive arms. I n  the circuit of rig. f i  
~ h c  Ijridgc rqtiatinns are 

C:, = C,{>I) I.?) K, = K, ( \ I )  (.3) 

w l i a e  >I  i s  the turns ratio of tlic two sec t ion~  o l  t l ~ c  
tranrrorrner. 

I n  a 11 these I~riclges, the positions of gcllcr;l tnr mitl 
tirtector can IIe ~n tercllangcri ~ v i  tllout :I lfvcr ing tlic 
Ijridge rqtrationr. 

Othcr NuIl C i r c u i t s O t l i c r  typcs of nctworks c.111 
be I I E C ~  to give ~ e r o  transmission. O n e  o t l ~ e r  tvpc is 

z, G thc parallel-?' nu~rc+ork US Fig. 7. r\,hicll I1a5 aclvi~n- 
R, + jX, = .- Z, (2) Gx + $3, = 2 y s  ( 3 )  t ; ~ g e ~  lor high-iin~>rdance n ~ e a ~ u r c n i c n t s  n t  ratlio fre- 4, 6.4 rluwxies. .Xu ini1:ortant characturistir or tliis circuit 

E(1uazioil (2) exlx-cs+cs tllr ulilr~inlrrl in trrnls ol is t h i ~ t  o r ~ e  side or thc unknqwn, en? cirlr o l  tIic gcn- 

F ~ K .  I - l 'ottr lmric ]nethod* 01 obtain in^ rerirfance bwancc in a capacikance br~dgc. Thr nmram nf rapnci t:bnclh Iwt:~nce ir nor i d i r  inlet!. 



erator and one side of the detectr~r are all at  gmund 
potential. Capacitance is read directIy from the sc t- 
tings of capacitor C,. Conductance is 

Fig. 6-Tnnsior~nrr bridge, in which the rramforii~~r rc- 
place5 the trsnal ratio arm$. 

GENERATORS AND DETECTORS 
Generato+Important considerations in 

selecting a power source for a-c bridge meas 
urernents are good frequency stability, ade- 
quate power output and low harmonic con- 
tent. Most general-purpose oscillators meet 
these requirements. A t  radio frequencies, 
however, we need to add the requirement of 
adequate shielding to avoid direct coupling 
between generator and detector or between 
generator and unknown. 

Detectors-For maximum precision, i t  is 
necessary to obtain a virtually complete null 
balance. The desired characteristics of a 
bridge detector are: 
1. High sensitivity, preferably the ability to 
detect a fcw microvolts, 
2. H i ~ h  sseIectivity to reject harmonics, noise 
and other interfering signals. This  is paz- 
titularly important in the measurement of 
iron-cored coils and other non-linear ele- 
ments. 
3. Quasi-logarithmic response to obviate the 
necessity for gain adjustments during the 
balancing procedure. 

These requirements arc best met by some 
combination oE amplifier, filter and null in- 
dicator. At audio frequencies, an amplifier. 
with either fixed or tunabIc filters, and 
either a meter or earphones, i s  satisfactory. 
'I\ritl~ visual indicators, such a system can also 
be used a t  frequencies up to several mgacy- 
cles. 

From a few hundred kc to some 40 mc, 
wclI-s11ieIded radio receivers make excellent 
rletectors, while at  very-high and ultra-high 
Irequenuer, where broadband receivers are 
not usually available, the preferred svstem 
is a l~eterodyning oscillator, mixer and fixed- 
frequency IF ampliEier. 

Fig. 7-Parallel* circuit for measuring impedance. 

-------*-----. ------------ z\TTITip R-F hrrdge Deteclor 

- - - 
Fig. 8-Effects ol small wries inductances in interconnecting I 

leads. 

CONNECTIONS 
Shielding-Generator and detector must be 

shielded sufficien~ly so that there is no direct 
coupling betwecn them or between generator 
and bridge or unknown impedance. Ade- 
quate ground connections and shielded pn- 
eriltor and detector Eeads are necessary but 
are particularly important at frequcn- - 
ties. At  audio and low-radio frequencies, 
clcctso~tatic shielding oE the leads is usually - 
;III that is necessal y.  Above a lew rncgacycles, 
coaxial leads must be usetl; these muet be 
grounded securely to the detector, generator 
and bridgc shields to provide a completely 
shielded system, ;tnd to eliminate cornon  
impeclances between generator and detector. 
These can cause large errors at high frequen- 
cies, as shown in Jrig. 8. The voltnge drop in 
2, causes current to flow around the loop 
consisting of the cable sheath, the ground 
lend, b, and the generator capacitanoe to 
ground. Similarly, current flows in the right- 
hand loop that includes L,. The voltage ap- 
plied ta the detector has, therefore, two com- 
ponents, one from the bridge and the other 
from the drop across L,. A t  the null point, 
the bridge i s  out of balance by the amount 
necessary to ni;lke tlkc vrctor sum of the 
bridge vnlr;ige and the cxtraneorrs voltage 
equal to zero. CompIete coaxiaI connections 
will avoid this error. 

Residual Impedances-RcsictuaI imped- 
ances are unwanted impcdnnces inherent in 
the device to be measured, in the bridge it- 
self and i n  their intercanncctions. In  the I 

1 

bridge. these residuaIs limit it5 accuracy and ..% 

range. In the unknown, they obscure and 

I .  "Kmpcdance Bridges Amembled from Labora- 
tory Parts", I .  C. Ecuton, autlilnble from Genera[ 
R ~ d i o  CO., West Concord, Mnss. 



modify the main characteristic that we want 
to measure. Jn the interconn~ctions, they 
prr~duce errors in  tile measurement. 

The  effects of bridge residuals can be 
minimized by shielding, by proper design or 
the  bridge circuit, by the use of a shielded 
~ransformer between bridge and generator 
;~nd detector and by the use of. a subsltirution 
nlethml of measurement. Bridge residuals arc 
the concern oE the bridge designer and manu- 
facturer and have been discussed extensfvcly 
in the literature.1 

Connecting the Unknown-When present 
in the unknown impedance :and its connect- 

ing leads, residuals affect both the choice of 
a method or meastlrement and thc accuracy. 
This  concrrns thc relative rnagniti~des of the 
rrsitlual impedances and the luantity to be 
rncaslrred. T h e  most important residuals are: 
( I )  tlistrihuted (or effective sIlunt) capaci- 
tance aqmciaterl with intlucters and (2) in- 
dtictancc in series with capacitors. 

For eritrnple, a 1-11c11ry standard inductor 
will have nn dlecrive shunt capacitance of 
some 100 MhlF, so that i ts  resonant frequen- 
cy is near 16.5 kc. A t  1 kc, the inductor will 
~neasure nearly 1.01 henrics. A n y  accurate 
mensurement ol this ind~rr tor  t h e r e h e  must 
be made a t  a law Ercqucncy, 100 cps or be- 
low, and wc must bc rareftil not to add any 
signilicant capacitance by the metltod of con- 
nection t o  the brirlge, 

At the other extreme let US consider a coil 
whose inductance a t  1000 cps is 10 micro- 
henries. 'CVe want to measure it a t  20 mc, 
and we coniect i t  to a radio-frequency bridge 
wirh two leads of No. 12 wire, 2 inches long 
and 1/2 inch between centers. What che 
bridge sees is tllerl the capacitance of thc 
leads (about 0.6 MMF) in parallel with the 
coil to be measured srld the indvctancc of 
the leads i n  series with i t  (approximately 
0.025 microhenry). While the latter is nee;- 
Iigible cornpnred to the unknown, lead ca- 
pacitance will produce a n  error of nearlv 
10 percent. 

T h e  remedies for these conclitions depcntl 
primarily on the frequency range in which 
the measurement is made. A t  audio frequen- 
cies, a 3-terminal o r  guarded measurement 
eIiminates the effects of lead capacitance, as 
wilt a transformer bridge. At radio frequen- 
cies. the usuaI procedure is to mensure the 
impedance or the lradb and to caiculate tlieir 
effect. For acceptance t rs tq  and limit testing, 
a test Eixtur e. \rehich prnrirles :a standard en- 

vironment, is generally useti (Fig. 9) . 
Guard Circuit-Whenever tht impedance to 

be measured has apprcci:lfde c;~p;fcitance from 
its terminals to ground, a guard circuit can 
eliminate rrrccts oI tfic 11nw:tntetI residual im. 
pedanccs. 

Fig. 10 sl~aws ;I Schering Ur i t l~e  wit11 a ca- 
p;rcitor mnnectctl I~aving htray impetlances C 1 
and C2 to gouncl from both its terminals. Tl-ic 
gia;trd C ~ T C U ~ ~  provirles two irnljctl;!nccs Z,, and  
Z,,. l'hesc art: atfjustcd by succes\i~e balancing 
until tcrrninal 3 f ?  a t  tllc same potential as ter- 
minals 1 a t ~ r l  2. Enth ends of 6 1  are then as 
the samc polcnti;~l, ;111rl ro CI l ~ s  n o  eifsct. C2 
i s  p l r t  OE t l ~ c  guanl  circuit ilr~pctl;~nce and dncs 
not ;~Ticct the 1~1l:uirc. Hcncc, tllc c;~pncitance 
mr;isurctf is t l ~ a t  of Cx alone. 

Thc  ~11;1rrl circuit perniits :~ccur;\tc measure- 
mcnt of ~ h c  c; lp;~ci ta~~rv and rli\~ip;ition factor 
bctwrcn two trrtnit~als of :I 5-tcrnlin;~l network. 
Onc of thc most impnrtiknt nppl icat io!~~ of such 
a rneasurernent is irt dctermii~ing the propertics 
of clielcctric nl:~terials under con trollcd cIlanges 
in cnvironn~ent, 11 gusrtl electrutIe often is em- 
ployed to elin~inate efCects of variahle lead 
pararncters a s  tcnipcr;ttltre or utlirr rnnrlitions 
arc chan~erl .  

Transformer H r i d g e-7'hc ~ranslorn~cr 
hrftlge, Fig. 6, oFiers :I col~aider;~hly simpler 
rnerltad or climinarii~g the effects o l  !cad ca- 
1mzit;ince. C;~pacit;tnce to srounrl lroin the an- 
knowti c;ipaciror appcarq  cross eithcr the osciI- 
Intor. wlicrc i t  1134 no erlect on  the measured n- 
p a r i t : i ~ ? ~ c ,  nr over part ol rlic transforn~er wind- 
ing, whose impetl.311ce is so low that shunting 
vallrcs in ~ h r  ~lmlr\  Inti\ nl inii ro~r~icrnCarads d o  
not ; ~ l l c r ~  i t .  

Fig. 9Standard Test Jig for measuring dix-cmamic 
capaciton at radio frequencies. Capacitor 
leads are completely ~ncloserI by jig ter- 
minals. 

Capacitor 
under test 

I 
I 
I; 



Eig.10-Bridge network and p a r d  cirmit with 
%terminal unknown capacitance mnncct- 
ed. 

Ef thcr :he gtlardcd bridge or thc t~ ,ills[ormcr 
b r i c l ~  is a satirlactory sol t~t ion tn the Icad-cn- 
parit;uice probfcm. 

Sulwtitution 3lctBiotl~-Sul)stitutiolz R ~ C ~ ~ O I F S  
o f  measlrrclncnt c;ln Ilc uwrl to :t t lvnnta~c 1vit11 
all a-c bridgcs. It1 t l ~ i s  methnil. tljc uilknown is 
mrawret l  in terms of the tlillcrcric-c 5rtwee11 
twn wrtings o l  a ca1ibr;lted ru5i\t;rncc or TmC- 
t.lnce. For instance, as sho~x.r.rl in Fiy. 1 1. ail I n -  
kilowti c;~pacitnnrc i~ con t~ r r t s t l  i l l  par;tI l~I wit11 
;111 act just;~l,le cnlihratcrl c:~l>;icitnr in tf~c previ- 
ous! y balnncetl I>ridgr: the c ; ~  lihr:~trcl clcmcnt 
i q  thcn readjtlstrtl liltti1 ~ J i c  1,rirl~e is ngLtin in 

Pig lE-3Tea~trremrnt hy parallel snh~titution. 

Iircreased :Iccur;lry results horn the fnct that 
the measurement is solely in terms oE the differ- 
cnce between two s e t t i n ~  of a calibrated pre- 
cision capacitor, the Frriclgc circuit lunctioning 
nnly as :an indicator 01 identical conditions. The  
bticlge circuit docs, howcvcr, cntcr inco deter. 
min;itioft or dissipation factor, which i~ lral- 
:~ncetl b y  cap:ici tor C ,. 

The  scrics w b s ~ i t u t i o n  tncthad of Fig. 12 is 
ltscrl tn makc resistance and rc:iclancc di;~ls di- 
rcct rrarling in ohm5 and is particularly ltscFul 
lor radio-Ii-cqlicncy measurements. 

Sliding Ral i ln~e--I~i  an!' al ternating-rnrrcnt 
f~t-idgc, tlrcrr ;!re two conrlitions thac Inurt be 
s;~ti\l ~cti  s i ~ i l ~ ~ E t . ~ i ~ e o ~ ~ s l ~  to nht;tin n t r t ~ c  rrt~ll  

Y 

l) ;~l;~ncc. 1:or i i~as in l l~n l  conuc~t i rncc ,  i t  i s  rle- 
sir;lhle IIQ:I t ~ l ~ c  tlr-o ;~rl justnlcn ts I I C  i i i r l r l~cndmt  
s o  tljat x : w i n g  onc r len~et t t  rlocs not afrrct the - 
I)al;~ncc nl t l ~ r  or1ir.r. Otherwire, tlic crrnclitinn 
~oiiirnniilv kiioxv11 as a "\litling ~ c r o * '  ncrurq. I t  
is c l ~ a r ; ~ c ~ r r i r r d  13) the fact tllnt bal ;~nr  c niust bc 
appro;tdic(l h~ coinpariilg n n t lml~c r  of sucres- 
sive :~tljustment~ for minimum. Tlrc rlrgrec of 
cleprbndvnty o l  rhc two components of I)alai>cc 
(i.c., thc amoun t  n l  "sIidingW) depct~rls only 

on the stnr;iRc lactor Q o f  the unknorcn impaf-  
; r n c e . T l l c  higllcr tIie Q of the unknown im- 
petl;ince, the Ie5\ pron~11t1ce11 i i  tllr sliding el- 
Cect. 

1t can Ilc ~ h a w n  that truly inc!caprntlcnt I x t l -  

;ulcer arc nl,t;~ii~ctI only wIirn the twn ;~rljtl<r- 
inentr for b,~l: tnrc ; I IT  madc in  thc 5;une :Irlu, 
or when ortc :trl jus~rncn t i~ ~nacle in each ro8n- 

Fig. 12-Stries ~uhrtitution method. - 
plrx arm. An ch;~ml)lc o f  the Eitst nicthod i s  
the Oxr~n l)ri(lge, whilc the scries suhs t i~u t ion  
briilgr tlevisrd I,y Si nrl;tir' i l l~ r s t rn t c~  thc second. 

Ritnge Extensinn--I hc clemetlt to he rneaq- 
urcrl rn;r)' oCtr11 IIC I~eyontl zhc rangc or the 
nv;til:rhlc I~ritlye. -4 s u c c c ~ ~ f u l  proccrlurr i.i to 
rnnclily [lie unknorcn, r a t l ~ c r  than t l ~ c  Ihrirlqc. I l y  
con~lrc t ion of :I kiin~vn ciilx~ci tor in scric% or in 
paraIleI with it. The  measurement iq then made flrat, 
with the unknown connected and then with the un- 
known disconnected. A simple c o m p u ~ t i o n  will thrn 
give the value of the u n k n o w ~ ~  irnperlance. 

A bridge designed primarily for o n e  type ef  meas- 
urement can often be easily adapted fnt another 
type. The bridge of Fig. 5d is correctly calkd a ca- 
pacitance bridge, but  one can mrasure a large in- 
cluctance on i c  by connecting the inductor in  series 
with a known c~pacitor and calculating the induc- 
tance from the c l~ange  in  effective capacitatcc. 

Similarly, x high resistance can be meaxur td  by 
connecting it in parallel with a known capacitor and 
nbrerving the change in dissipation factor. 

SELECTlNE A BRIDGE 
Amnng all the hridge circuits and bridges available. 

how does one choose the  bridge best suited to his - 
needs? Obr~EousIy, there i5 not always a complete h e -  
7ottrt.rr~linl nror e rorir!rlrr(i/cd losl~ion. 

3. This strrttmllrrrr! rt:fcr.\ l o  / hr .l-ar~rt l ~ r  irlpr i ~ l i t l r  7. I ) .  1:. Sirrrhi~-, " A  I Z a d i o - F r ~ ~ ~ t ~ ~ ~  f ! r i ( ! x ~  [or  

lli 'o C O I I ~ ; ) ~ P X  RTIIIS. I f  f h r ~ c  01. ?rlnsc III-111s 11t11 t0t11- Ilr~/~rtEorrce dlrnrrrre~rr r?l/s frot?l 4'00 K i ! ~ r ? ' ~ . l ~ . <  to 
I ~ l r s ,  lhrr dr,q~rpe 01 cirJ~rlrflcncy is cup~-r~.srrrf irr a 60 iIlr,nrmr,%'rlcs*', Pi-nc. I RE, i\'nr~. 1940, pp. -10;-503. 





Iic r ~ n k l ~ o ~ v r ~  i n r l u c ~ ; ~ i ~ r  u is lllc;~surcrl ili tcZrnlc nl 
tixctl st;~nrl;brrl r.lp;rt itor C:, nncl tllr llrirlgc is . I L I ~ -  
:~rlccrl by R I C ; L I I ~  111 (IUC:IIIC rc\islnr Ry n i~ t l  clct;~rlc 
c;~p:~citor C,. R,, is sw+itcl~crl ill dcc;~rfc \;ilucs rn covcr 
the tut;11 r;liigcm 01 O.O:)!ll r ~ ~ i c r c i l ~ c ~ i r \  t t ~  I I 1  I l ie~t r i t \ .  

I-liq11 rc,st,lttrion 10s t l ~ c  i ~ ~ r l t ~ c t : ~ ~ ~ c c  b;~l;ulcc is orlc 
o l  l l ~ i s  l~rirlge's c l c ~ i r ; ~ I ~ I ~  cI i ; t l . ;~ctcr i~t i~~;  ~ ~ ~ [ I u c ~ : I I I ~ c  
stnntInrcls c;trr h c  roml>;ircrl tcl ;I I ~ i g l ~  rlcgrcc or ptec i- 
siori. -l*Jiis i s  ; ~ c ~ t ~ ~ ~ ~ ~ ~ l i ~ ~ l ~ ~ l  lly m c  or :I i ; ~ l  dec :~ le  
tcsistor f n r  K,. T l ~ c  two I ,.~l.trirr con ~ m l r  ;lrc i l~rlc- 
pendent ant1 d-c hiar c;ln T)e ;~pl,lietl tn thc urikli{~rvi~. 

5. The Knrlio-Freque~lc? Kridgc-.\ t Inw 11:1clio Erc- 
quencier;. 1111 10 ;I Sew I i~~r idrer l  n ~ c ~ . ~ q c l e ~ ,  lun~pecl- 
e l cmcr~ t  Ilrirlgrs can \till I IC  usctl. O n c  type, widely' 
n~etl  [or tllc mc:isiircnicnt ol ,lrlzcluans, is the scrics 
sul~sti tution Ilriclgc of Sincl;lir, sl~or\ .r~ in Fiy. 17. . I t  
rndio f r c t l ~ ~ c ~ l c i c s ,  thc ~ ~ r i ; ~ F > l c  :lir c:rp;lcitor i s  ~ h c  
most rclial,lc a ~ ~ r l  st;kblr r ~ r c ~ i i t  clctiicnt ;~l'nil;~l)lc ;~nr l  
its rcsiclual impetl:~nccs can Ilc krpr  v c n  Ir~w. 

I<ri(Igc rrsic!ir;ils are renrlcrett iili~nctlou\ iri this 
cirttiit by t l loro~sgl~ ~IlieIdillg ;1i1(1 IICV of n sul>stitution 
method. K, 2nd X, arc cleterminctl fly tllc rliange 
in scttings ol capncitorr C, niltl C,. 

. . 
whcrc the subscripts 1 and  !? clenore iiliti;~! :~ncl l innl 

balances respectively. 
The dials of both c a j x ~ c i t o r ~  C, atic! I:I. C ; I ~  Ilt, 

nlacle dircct re;~rling iri nhliir. T'llc rc;lrt;lnte {Ii;~l i s  
calillrated a t  a corl\~ei~ien t rcfurrncc Irerlzlc~~r.?. *\ t 

R R 
,'7 

<' I 

I 

Fig. I7--Radi+Frequenry Rridge using wries substitution 
method ol meamrement. 

o t l ~ c r  Ircqtlcncies its indication i s  multiplied by tlrc 
ratio of rcfcrcncc tn operating Ireqnencv. The url- 

known reactance can be either positive or ncgarirTe. 
i.e., ei ther :i capacitor or nn i nd i~ r to r .  T h i s  I~ r idge  is 
rlle standarc! clet'ice for arr tcnna mcasurelnenrs in  the 
t a l g e  lrom 100 kc to  60 mc. 

LIMIT BRIDGES AND COMPARATORS 
For ; I [  ccpt :~  ncc trsrs ntid proclrluc-(inn-line teqting, 

!lie limit I)ri:Fqc 1)rovidcs il K O - I I ~ I - ~ O  i r ~ d i n t i n n .  VIS. 

11i1l iilrlic:~ lion is wicIcl?. userl, tju t :ir~torn;t tic nccrp t- 
rejcct niucli;~nistns can br m;idc to nprr:l tc f r n n ~  t l ~ c  
l~riclgr u~lbal; lnce volt:~gr, i-\lnrn\t ;III! I~ritfqc wit11 ;I  

t i c ~ ~ a l - l y p c  null il~rlicntor cat1 I)r c;~lihr:~tcrl  f r ~ r  l i i i i i t  4 

trsting. 1-0 [lo ~l l i s ,   he I,ritlgr i \  l i n t  l ~ ; ~ l ; ~ n c e t l  trill1 
;I 5;1niplc ~ll;rt is es;~ctly nil I I Z E  c l c ~ i r r ~ t  v ~ I I ~ c .  '1'11~ - 
I l r i r l~c  ic thcn unl~;ll;~licetl I)y ~ l l r  clccircrl n ~ ; ~ \ i l u u ~ ~ j  
~ o l r r . ~ n c c ,  ancl e ~ t l ~ c r  the clelctlor cc~lritir i~!. tw L!IV 
Retler;l tor voll;rge is at! instet! tn give ;I s ; ~  ticl;~c tol y 
rleflcctinn o l  tlic detertor.  1'11is c:ttl 1 ~ -  it1;irLi~l \rvitTi 
;I ~n;rsk or evcn a pcllcil l i ~ ~ c .  

THE Z-Y BRIDGE 
Tile %-I' I ) r i d ~ c '  was rlcsignctl to prntirlc a truly 

r ~ r ~ i v r n n l  ;u~rlio-l'reqtiency itlrtrunrrnt, and,  in p;!rti- 
c ~ l l ; ~ r ,  to reIicrc the cnginerr (11 lllc rr~1ctr:rtinn Ile ex- 
perieliccr rvl1t.11 Ilr Cinds tIl;lt llic irt~l~crlancc I I ~  \*.ant\ 
to nle;~rui-e i 5  ~ltir+irlu thc r;liige of tlie avaital-rle 
ljrirlge. 'I-llr Z-Y hr ittxc ( :III i ~ r  11;1!;1ntecl for any iin- 
pcclancc con~ icc t~c l  tn its tcrnmi ti;tIs Iron1 short  circuit 
Lo O P ~ I I  cirr uit ,  rc;~ l or i r~~:~gfn; t ry .  pocitive nr ncga- 
tivra. Inll)cd;u~re\ 111, tn I ( H I 0  ohln5 ;Ire ~nen.;i~rcrl ;IS 

i~i~pctlaiiccs,  i.c.. ill nlims rc.cistance allcl ohms reac- 
t;tnre. Fl i q l ~ u r  iml lcdance~ arc ~ l ~ c : # s ~ ~ r e t l  ilrlnti t- 
tiinces, with tric nnsrcer ill mtcrornhos conductance 
;111t2 siluept:lntr. 

-1'llc Il;~sic circuit is the la1nili;lr KC: l~rirlgc bnt iI 

~ ~ i l ~ s t i t t ~ r i o t i  n~cthor l  is 11scrl in ~r l i ich  the  ~ I i f l c ren re  
i r r  two srttings of the coi~trols  Ineasures t l ~ c  cmnplex 
colnllolwntr of the u t ~ k n o ~ v n .  Separate balirnce con- 
trols are provirfrrl [or the in i t i a l  tlalancc. so tha t  the 
niain dials read directly, without s u l ~ ~ t i t u t i o n .  - 

J n the simplilied circuit shown in E ~ K .  I 1H, the series 
rlieowits pmvicle l l ~ e  R balance for iml~eclanrc ;inrl 
tlic R balance lor aclmi ttancc, while the p;ir;llIcl e 

rlleosr:~ ts pro) iile rllc G bnlancc lor ;~r lmi t t :~r~re  a n d  
the  ?E. h:~lancc  I r~ r  impedance. R ;in<! G re;~rlF~ig\ :Ire 
inr lepent tc~~t  of frcqucnry, rr'l~ilc S and H s c , ~ ~ l i l i ~ ~  
arc clircrt ;kt ; t r ~ y  o l  tlireu rcfcrertcc Ireq~~encie+-ll)U 
~ 1 , s .  1 kc. nncf I0 kc :lc sclectecl I I ~  a srvit~I1 that c I ~ ; I I I ~ c ' \  
cor t :~i i~  I,ritlge conilmticnt5. 

Fig. 18-simple scheinatic or &I' bridge. 

GENERAL R A D I O  C O M P A N Y  
W E 5  T C O N C O R D ,  M A 5 S A C H U S E T T s  
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