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S E PTE M B E R, 1 939 

AT HIGH 
PARTS 

IMPEDANCE MEASUREMENTS 
FREQUENCIES WITH STANDARD 

INTRODUCTION 
• THE A D V E N T 0 F COM MER C I A L TEL E V I S ION and a 
general increase in interest in high-frequency transmission have greatly 
stimulated the contemporary demand for precise m easurements of 
impedance at high and ultra-high frequencies_ During the past year , 
the General Radio Company, to meet the need for improved circuit 
elements, has announced several new units especially designed for high­
frequency use. Toge ther with instruments that have been available for 
a 10 ger period of time, these new units round out the following com­
plete line of components for u se in impedance measurements : 

TYPE 700·A Wide-Range Beat-Frequency Oscillator l 

TYPE 684-A Modulated Oscillator2 
TYPE 516-C Radio-Frequency Bridge3 

l GC Jlera l Rad io ETp erime1lfer. Vol. JII, TO. 8, p. 1, J un., ]9.39. 
2Ge ncra l lladio Experim e1l,pr, Vol. X ll , 0.6. p. 1, Nov ., ) 937. 
3Gcncra l nadio Experimenter, Vol. VlIl, No. 7. p. I, Dec., 1933; Vol. X II , No.9, p. 5, Feb., 1938; 

Commullicm;olls. Vol. 19. -0.6, p . 5, June, ) 939, and Vol. 19. No.7, p . 5, July, 1939. 

F I GU R E 1. Laboratory set-up for measurements of power factor of dielectric samples . 
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TYPE 722-N recision Condenser4 
TYPE 500 Re. istor 
TYPE 663 ResistorS 
TYPE 505 Condenser6 

TYPE 670 Compensated Decade 
Resistor 7 

TYPE 726-A Vacuum-Tube 
VoltmeterS 

TYPE 493 Thermocouples9 

TYPE 755-A Condenserlo 

The need for more accurate measure­
ments at higher frequencies has not only 
created a dema d for better circuit ele ­
ments but als for better techniques. 
In particular, 1 he increase in commer­
cial measurements has led to a search 
for simple an reliable methods and 
circuits involvJig, wherever possible, 
standard parts. 

Resonance m thods,l1 in general, have 
been found most suitable for measure­
ments at very . gh frequencies because 
of their simplicity, flexibility, and ac­
curacy, and bccause of the relatively 
low cost of th necessary components. 
A practical set-up recently used in the 
General Radio Company laboratories 
for measurcments of the power factors 
of small dieleetric samples illustrates 
the ready adapt ability of General Radio 
high-frequency elements to thi s type of 
measurement. 

4 General Had io £.:\'/ erimctller, Vol. XIII. Nos. 5 6, p. 1, 
OCl./ 0".,1938. 

Ii General nadio Experimenter, Vol. Xlll , I\o. 8, I). 6. 
Jan., 1939. 

6 General Radio E.""erimenler, Vol. VII. TO. 8. p. ]. 
Jan. , 1933; Vol. XII. '<0. 11, p . I, April. 1938. 

7 General Radio Experimenter, Vol. VlJl, No. 10, p. 6, 
March, 1934. 

8 General Radio R,perimenlcr. Vol. Xl , ]\0. 12, p. I , 
May, 1937; Yol. XTl r, 08. 3 / 4, fl. I . Aug. ·c pl.. 1938. 

9 General Radio &perimcll ter, Vol. XU1, TO. LO. p. 5. 
March, 1939. 

10 General Radio E...:per;numter, Vol. XIV, No.3, p. 1, 
Aug. , ln9. 

lIFor a detailed lfcalmcnt of resonance methods. Ace 
D. B. Sincl:li r, rr Para llel-Rcsonance .Methods (or Preciflc 
M easure ments o ( High Impedances al 'Radio Frequencies 
.lind a Compari !!'on with the Ordinary Serice-'Resona ncc 
N3~hod.,,, J'roc. f.R.E., Vol. 26, No. 12, r . 1166, Dec., 

METHOD 

The photograph of }cigure 1 shows 
the complete set-up which comprises 
a TYPE 6811-A Modulated Oscillator, a 
TYPE 755 -A Condenser, and a TYPE 
726-A Vacuum-Tube Voltmeter con­
nected in a susceptance-variation cir­
cuit.12 The circuit diagram is illustrated 
in F igure 2. 

The effective conductance of a paral­
lel-resonance circuit of this type is given 
rigorously by the expression 

w(C - Cr) 

~(~y - 1 

G. = 
(1) 

where V r is the voltage occurring across 
the parallel-resonant circuit at reso­
nance with the variable capacitance 
equal to C" and V is the voltage occur­
ring across the parallel-resonant circuit 
at any other capacitance setting, C.13 

The effective conductance, G., is 
easily determined by measuring the 
voltage at parallel resonance, V" and 
the change in capacitance, C1 - C2, 

between the two settings at which the 
voltage equals Vr /V2. For these con­
ditions Equation (1) takes the simple 
form 

G. (2) 

In order to measure a dielectric 
sample, all that is necessary is to make 
two conductance measurements, one 
with the sample disconnected and one 
with it connected across the tuned cir­
cu it. The resonant capacitance must 
be the same in both cases, so the differ­
ence in setting of the standard con­
denser at resonance is equal to the 
capacitance, Cx, of the sample. The 
conductance of the sample is added 
directly to the effective conductance of 
the parallel-resonant circuit so the dif-

12.13 Jbid . 



ference between the two measured 
conductances is equal to the conduct-
nce, Gz , of the sample. The dissipation 

factor, D z,14 of the sample can be easily 
computed from the capacitance and 
conductance by eans of the relation 

Gz 

wCz 
(3) 

CORREC TI ON AND DESCRIP-
TION OF PHYSICAL SET·UP 

The particular feature that di stin­
guishes high-frequency measurements, 
in contrast with 10 v-frequency measure­
ments, is not a y new and strange 
phenomenon but simply the greater 
relative import ance of residual parame­
ters that are inherent in the impedance 
standards and in the wiring. 

The only impe ance standard used 
in the susceptance -variation method is 
the incremental ad mittance of the stand­
ard condenser , C, shown in Figure 2. 
In order to predict the limitations of 
this method and to compute the correc­
tions that may be necessary, it is essen­
tial to analyze c refully the effects of 
residual parameters in the condenser . 

14. T he term power fac tor, rallie r than diss ipation facLOr, 
is often used loosely to de'~cribe the ratio of res is tance to 
reactance, or conductance to susce ptance, ralher than the 
ratio o f res istance to impedance, or conducta nce to adm it· 
la nce. because tbe numer ca l value for useful dielectric! 
is 80 smull that there is no s ignificant difference between 
them. 

3 E X PER FM' E.N T E R 

In many applications, it has been 
found justifiable to treat a variable air 
condenser as a variable capacitance hav­
ing no loss and no variation with fre­
quency. At high frequencies, however, 
especially when used in a measuring 
circuit, a condenser cannot be considered 
so nearly ideal a circuit element. The 
equivalent circuit of F igure 3, to a first 
approximation, includes the residnal 
parameters that cause the behavior of 
an actual condenser to depart from that 
of an ideal capacitance. The conduct­
ance, Ge, represents the loss in the di­
electric structure, the resistance, R e, 

represents the loss in the metallic strnc­
ture, and the inductance, L e, represents 
the inductance caused by magnetic flux 
set up b y currents .in the metallic struc­
tm·e. l 6 All these residual parameters are 
nearly constant as a function of dial 
setting. At high frequencies, where skin­
effect is essentially complete, the con­
ductance, Ge, increases nearly linearly 
with frequency, the resistance, R e , in­
creases about as the square root of the 
frequency, and the inductance, L e, re­
mains constant. In the T YPE 755-A 

Hi For a discussion of this equiva lent c irc uit, li nd m el hods 
o f measu ring the residual parameters, see R. F. F ie ld and 
D . B. S inclair, tfA Method for D etermining the Res idual 
Inductance and Resista nce of a Variab le Air Condenser u t 
R adio Frequencies," Proc. I .R .E., Vol. 24., No.2, p. 255 . 
February, 1936. 

• 

FIGURE 2. Susceptance-variation circuit used for the measurements. 
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Condenser , which has been especially 
designed for hi gh-freqnen cy service, the 
residual paramet ers are very small. At a 
frequen cy of 1 0 Mc, for instance, they 
are, approxim t ely : 

Ge = .0055 microhenry 

Be = .05 ohm 

Le = 100 micromhos 

The effect s of these residual param­
et ers depend upon the use to which 
the con denser is put. In the susceptance­
variation circuit only admittance differ­
ences are used. Since the conductance, 
Ge, is in circui t at all times, and is con­
stant, it drops out when t aking ad­
mittance differences and causes no error. 

The residual inductance, L e, causes 
the effective t erminal capacit ance, C, to 
differ from the static capacitan ce, C. 

(4) 

Since the fractional change is a function 
of t he static capacitance, the difference 
between static and effective capacitance 
increments is either zero nor constant, 
but varies as the absolute capacitances 
are changed. 

T he resi dual resistance, Re, gives rise 
to an effective condnctance component, 

G/. 
(5) 

Since this conduct ance component de ­
pends upon t e capacitance setting, it 
does not cancel out when taking ad­
mittance differences. 

Both t he re:idual in ductance, L e, aud 
the residual resistance, Re, can therefore 
cause error i measurement. The iu­
ductance, first of all, causes error in the 
measurem ent of the circuit conductance, 
G., ii stati c ca pacitance values are used 
in E quations (1 ) or (2). When the effect 

Gc 

F IGU RE 3. E qui va lent circuit o ( a variable 
a ir condenser, including residu a l p a ra met ers. 

of the residual inductance, Le, IS con­
sidered, these equations become 

G _ w(C - Cr ) 

e - 1 - w2L (C+ Cr) 

1 w(CI - C2) 
2" 1 - w2L e(C1 +C2) 

1 
(1 a) 

(2a) 

The inductance also causes error in 
the determination of the capacitance of 
the dielectric sample. If CTI and CT2 are 
the resonant static capacitances with 
the sample in and out of circuit, and 
C TI and C r2 the corresponding effective 
terminal capacitances, 

C = C~ - C~ """" C' I - C r2 (6) 
x r'J T } 

- l - w2L e(CrI +Cr) 
The resistance causes the effective 

conductance of the parallel tuned circuit 
to change as the conden ser setting is 
altered. While this m eans that, strictly 
speaking, the resonance curve is dis­
torted , the effect of the conduct ance in 
determining the shape of the resonance 
curve is small except at settings very 
near the resonant value and, from a 
practical standpoint, the residual resist­
ance can be considered as introducing a 
constant component of conduct ance 
equal to the value at the resonant capac-



itance se tting. At the two resonant 
capacitances, CTJ and CT2, the conduct-

J ance components introduced by R c are 
different. The difference between the two 
measured values of conductance, the one 
with the sample in circuit and the other 
with it out, is th refore not equal to the 
conductance of the sample alone but the 
sum of this conductance and the change 
in circuit conduct ance caused b y R e. 

Cx + R eW 2(CTJ2 - CTl) 
Cx - Rcw2C",(CTl + CT2) (7) 

If no correctio s for the residual in­
ductance are used , the capacitance of 
the sample a d the effect ive circuit con­
ductance will both appear to be smaller 
than they actually are at very high fre­
quencies. Since t e conductance of the 
sample is found from the difference be­
tween the two m easured conductances, 
it will also appear to be smaller than it 
actuall y is. If n corrections for the 
residual resistance are u sed, the value 
of the sampl conductance will appear 
even smaller and may even appear to be 
negative, if the correction becomes suffi­
cient! y large. 

Satisfactory methods of determining 
the magnitudes of the residual param­
eters and of applying the necessary 
corrections have been worked out and 
described fully .16 The application of the 
corrections, how ver, is tediou and 
laborious. The u se of a special type of 
holder for the di lectric sample, which 
eliminates the error caused by the resid­
ual re istance, R,., is therefore highly 
desirable . T he holder is shown in detai l 
in hgure 4. It consists simply of a brass 
strap, which is mowlted on the un­
grounded t erminal of the tandard con­
den ser and which extends over a brass 
plate screwed to t e grounded t erminal. 
To the grounded plate is attached a disc 
of brass, above which a threaded rod of 

a See footnote s 11 and 15. 

5 EXPERIMENTER 

the same diamet er i tapped into the 
brass strap. The sample is first placed on 
the brass disc and the threaded rod 
screwed down until it touches the elec­
trode, and a conductance m easurement 
is made. The sample is then removed, 
the threaded rod is screwed down unti l 
resonance occurs at the sam e setting of 
the standard conden ser, and another 
conductance m easurem ent is made. 
Since both measmements are made at 
the same value of resonant capacitance 
in the standard condenser , the conduct­
ance components arising from the resid­
ual resistance, R e, are equal and cancel 
o ut when taking admittance differences. 
The only remaining error is caused b y 
t he inductance, L e, and this error can be 
corrected for by the use of Equations 
(la) , (2a), and (6). 

The use of the special holder also 
avoids one of the errors caused by resid-

F IGURE 4. D etail of tbe conden ser assembly. 
Tbe tuning inductance and the vacuum-tube 
voltmet er plug into the jacks (TYPE 274-J ) 
mounted on tbe rcctangular straps. Tbese 
straps are made wide t o minimize tb e re­
sistance and inductauce of tbe lead s to th e 
coil , vacuum-tube voltmeter, and coupling con­
dcnser. The capacitive coupling to the power 
source is tbrough th e ceramic busbing sbowu 
Oil tbe left-band sidc of tb e rea r strap. 
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ual impedances in the lead from the 
sample to t e standard conden er. This 
lead necessarily has both resistance and 
inductance and consequently modifies 
the admittance of the sample, as meas­
ured at the con enser terminals. If, how­
ever, the threaded rod is screwed down, 
as previously d scribed, to give the same 
resonant capacitance setting with the 
sample in and out of circuit, the effective 
conductance c mponent caused by the 
lead resistance will be the same both 
with the sample in and with it out of 
circuit. 0 correction need therefore be 
applied for thiE> resistance and the onl y 
correction is for the inductance of the 
leadY 

The effect 01 the lead inductance, L l , 

is to make the effective capacitance at 
the point where the leads are connected 
to the standard condenser, Cx, greater 
than the true capacitance of the sample, 
Cx, by the factor shown in Equation (8). 

Cx = ex C _ ~2LlC) (8) 

This corre tio . can be avoided by meas-

11 This proced ure Cor e limin ating the corrections neces­
sary for res idual resis tance in the sta ndard com.JclIl!ler and 
in the leads to the 8Lmple is adapted from a method elll­
ploying special equipment described in L . Hartshorn and 
W. H. Ward, "The Vleasuremenl of the Per miLivily and 
Power Factor of Dielectrics at Frequencies [rom 104 to 
108 cycles per second ," Proc. 'J7ireless Sec/ioll I.E.E. (Lon .. 
don), Vol. 12, p. 6, arcb,1937. 
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uring the capacitance of the threaded 
rod to the brass disc and deducing the 
capacitance of the sample from the 
amount which the rod must be turned 
to maintain the same resonant capaci­
tance on the standard condenser when 
the sample is in and out.l8 The gap be­
tween the rod and disc, however, be­
comes so small when the sample is out 
that the holder must be very carefully 
made in order to obtain sufficient accu­
racy. The inductance, Lh and capaci­
tance, Cx, are both so small in the 
mechanical arrangement described that 
the correction is negligible at frequencies 
up to 100 Mc. The sample capacitance 
is therefore measured by taking the 
difference between the two effective 
resonant capacitances, first with the 
sample in and, second, with the sample 
out and the threaded rod screwed up 
until its bottom face is flush with the 
bottom of the strap. 

MEASURING TECHNIQUE 
AND RESULTS 

Curves of the capacitance and power 
factor of five different dielectric samples 
are shown in Figures 5 and 6. No cor­
rections were made for the residual in­
ductance, Le, in plotting these points. 
The e ffect of inductance can be seen in 

Hi ee footnote 17. 

I----+--+-+--r+-+-t+-f----l--.-;--+-++-I!M+I- f- L I-+-++-t ,+I 
f---+--I-+_I PLASTICIZED PO~YSTYREN E --i--4--h-----+--II-JW=-l+\.1 

IIII I I 

FIGURE 5. Capacilance of di­
electric sa mples as a (unction 
of frequency. The fa lling 01T 
of the curves between 50 and 
100 Mc is ca used hy residual 
inductance in the standard 
condenscl', (or which no cor­
rections were made. Correc­
tions can eas ily be madc by 
the app lication o( Equalion 
(6). The TYPE 684-A Modu­
lated Oscillator was used at 
frequencies up to 50 Mc. The 
75 Mc and 100 Mc points 
were obtained with the Peter­
son osci ll ator descriued in the 
October, 1937, issue of the 
Experimenter. 
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7 'E X PER I MEN .T E R 
the droop of the capacitance va lue be­
tween 50 and 10 Mc. It is of little im­
portance in the de Lerminations of power 
factor , however, because the capacitance 
increments used to determine bOLh the 
conductance and capacitance compo­
nents fall in appr ximately the ame ca­
pacitance region. Both are therefore 
affect ed by the inductance to roughl y 
the same extcnt. 

There are also corrections for stray 
capacitances that should be made in 
order to obtain results of maximum ac­
curacy.19 These er rors are independent 
of frequency and arise because of the 
mechanical construction of the holder. 
The chief error oceurs because the stray 
capacitance of the strap t o ground is not 
the same when the sample is in and 
when it is out of the holder. The capac­
itance differen ce, as read on the stand­
ard condenser, is therefore not exactly 
equal to the capacitance of the sample. 
Corrections for the stray capacitance 
were determined from measurements 

lIIFr in gin g correctio ns ar,. not considered in this article, 
8 S they do no t primarily bear upon the hi gh-freqllency 
measurement problem. Theelec tro dcs used 0 11 the sample!! 
were made o f lead foi l and were circular in s hupe. The 
diame ters of the elc(' trodf's and the dimens ions o f the 
samples were lIo t the same for a ll 88ml)lc8. 

0 

made at low frequencies where the in­
ductance of relatively long leads was not 
important. Despite the dissimi larity of 
the samples, these corrections were 
found to be fairly uniform, ranging from 
about 0.8 f.l.f.l.f to 1.3 f.l.f.l.f. A small error in 
conductance also occurs because some 
of the stray electrostatic field from the 
strap passes through the sample. The 
error ari sing from this source, however, 
is small because the series air gaps are 
relatively large. 

In order to obtain maximum rapidity, 
the following measurement routine is 
convenient: 

(1) With the sample in the holder, 
detel'mine the resonant voltage , V TI , the 
resonant capacitance, CTl' and the two 
capacitance values, C1 and C2, at which 
the voltage is equal to V TJV2. 

(2) With the sample out ofthe holder, 
screw down the threaded rod until the 
resonant point occurs at approximately 
the same capacitance setting and read 
the new resonant voltage, V T2 • 

(3) With the sample ont ofthe holder, 
screw up the threaded rod until its lower 

f----j-
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FIGUnE 6. Power facto r of 
dielectric sa mples as a func­
tion of f requency , 0 cor­
rections for residual ind uct­
ance were n ecessary i these 
measurements. l\1easurements 
were made of the power 
factor of the pol y , tyrene 
sample, the capacitance of 
which is plotted in Figure 5, 
but the observations WE're 

r inconsistent beca use of the 
, ~xtremely low power factor 

of this material (les than 
0.03 %). 
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face is flush with the bottom of the strap 
and read the re onant capacitance CT2 • 

The conductallce, Gel' of the para llel­
tuned circuit, "ith the sample in the 
holder, is found from Equ.alion (2) or 
(2a) . Since t he resonant voltagc is in­
versely proportional to the circui t con­
ductance, the conductance of the ample, 
Gx , is easily fo d from the following 
equation: 

Gx = G.,! - Ge2 

= G (1 - Ge2) = G (1 _ VT1) el G 81 V 
( I T2 

(9) 

The apparent capacitance of the 
ample is found from Equation (6), and 

lhe true capacitance, Cx, found by add­
ing the correction for stray capacitance 
to the apparent value. The dissipation 
factor is found from Equation (3). 

- D. B. SI ' CLAIR 

MISCELLANY 
• R E C E N T V I SI T a R S to the Gen­

eral Radio plant and laboratorie include 

Mr. G. II. Marchal of the University 

of Brussels; Messrs . D . Mordossov, 

A. Vysselski, A. Yurinov, V . Tzvetkov, 

and P. Kuynet7.0v of the Gla esprom 

Commission of the . S. S. R. ; and Mr. 

R. S. Baldwin f the Bureau of Engi­

neering, U. S. avy Department. 

• A FEW ERR a R S appeared in the 
detailed specifications for TYPE 755 -A 
Condenser, published last month. The 
gear ratio is 30 to 1, nol 15 to 1 as stated. 
Mounting holes are tapped with a 10-32 
th.read, not 8-32. Measurements on pro­
duction units indicat e a minimum direct 
capacitance of less than 5 JJ.JJ.f. Rotor­
to-ground capacitance is about 7 JJ.JJ.f, 

stator-to-ground, about 6 JJ.J.l.f. 
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