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RADIO-FREQUENCY CHARACTER­

ISTICS OF DECADE RESIS TORS 

e FOR GENERAL MEASUREMENTS 
at commercial and audio frequencies, dec­
ade resistors have been found invaluable 
laboratory tools. In these low-frequency 
appli ations their reactance components are 
usually negligible, and 1:hey consequently 
approach closely the ideal resistance stand­
ards desired for lumped-parameter circuits. 

As the frequency increases., their r actance components become 
comparable with the resistance components., and the residual induc­
tance and capacitance combine to change the effective terminal resist­
ance from its low-frequency value. This change in resistance is 
generally augmented by skin-effect, and the general characteristics of 
the resistor deviate more and more widely from the ideal. 

For Jilany applications., however, the deviations from the ideal are 
:not sufficiently imporl:ant to offsel: the con enience and flexibility 
that are characteristic of decade resistors. The data contained in this 
article are presented to enable users of General Radio decade resistors 
to estimate the degree of departure from the ideal and to make 
corresponding corrections. They were taken wi1:h an experimental 

FIGURE 1. (Left) Bifilar winding used on 0.1 n decades. (Right) Ayrton-Perry winding 
used 011 1 n., 10 n., and 100 n decades. 
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having residual induct.ance and capac11.ance. 

model of a new radio-fre 1uency bridge1 
and, because of the impro ed technique 
that has been developed, are more 
accurate than pre iously published 
data. 2 This is particularly true of the 
resistance value , which formerly were 
e trapolated from low-frequency meas­
urement and which are now measured 
directly at the high frequencies. 

ANALYSIS 
The approximate equivalent circuit 

commonly u ed to repre en.t a re i tor 
having residual inductance and capaci­
tance is shown in. Figure 2. 

The e Tpres ion for the effective ter­
minal r i tance, Re, and r actance, e, 

of this ircuit are:3 
ID. B. inclair, "A Radio- requ ncy Bridf,e for Measur�­

menll!I at Frequen ies from 400 kc to 60 Mc, Proc. I. R. E., 
Vol. 28, o. 10, rov. (1940). 

2R. F. Field, "Fr quenc Chara teristics," Ge11eral Radio 
E'l'..perirrienter, Vol. 6, o. 9, p. l; Feb. (1932). 

0 4 6 B 10 

DIAL SETTING IN OHMS 

R 

(1 - w2LC)2 + (wCR)2 
w[L(l - w2LC) - CR2] 
(1 - w2LC)2 + (wCR)2 

(1) 

(2) 

t 1 w frequencies, where the terms 
in w2 are negligibly small, the effective 
resistance, Re, is simply equal to the nom­
inal resistance, R. The effective react­
an.ce, Xe, is equal to that of a constant 
effective inductance [L - CR2]. For low 
resi tance values the CR2 term is negli­
gible and the reactance positive; for high 
res1 tan e value it ·s predominant and 
the reactance negative. In either ca e 
the reactan. e varies di ectly as the fre­
quency. 

At high frequencies, the terms in w2 
be ome important and both the effective 
resistance and the effective inductance 
vary with frequency. For low resistance 
values the (wCR)2 term i negligible and 
the effective resistance and inductance 
in.crease with frequency because of the 
re onance between. L and C; for high 
resistance value the (wCR)2 term is 

3These expressions are presented in norm.alized form in 
the General Radio Experimenter, ol. 8, o. 8, p. 6; Jan. 
(1939) with famili s of curves in terms of the parameter 

IL - £ Do = RJ -Ve and variable w/wo = w-VLC. Because o the 

wide variation in Do and wo in decade re istors, however, the 
expressions are more convenient in the form shown here. 

FIGURE 3. Plot of chancre in re i t:ance of 
1 n-step decade of TYPE ,602-G Decade Resist:­
ance Box at frequencies of 2, 5, and 10 c. 
The values plotted refer to "the hange in resist­
ance from zero et:ting. To obtain t:he absolute 
resistance, the zero re ist:ance, Ro, must: be added. 
The p rcentage increase varies appro:ximat:

.
ely 

as the square of the frequency; the zero re 1 t­
ance aries appro imately as t:he quare root 
of th� frequency. In t:be appro imate equivalent 
cir uit shown: 

.6.R = 1 n (nominal) 
Lo = 310 X io-9 h 

.6.L = 52 X io-9 h per tep 
c = 27µµf 

Ro = 0.05 n a"t 2 Mc 0.09 n at 5 c 
0.01 3 n a"t 10 Mc 

The kin- ffect: in t:he resist:ance cards of this 
decade is approximat:ely: 1.6% at 2 Mc 

8.8% at: 5 Mc 25% at 10 Mc 
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predominant, and the re istance and 
inductance decrease with frequency be­
cause of the shunting effect of C. 

Proper proportioning of the residual 
parameters, L and C, for a given resist­
ance value, will lead to the best design 
for a single fixed resistor and ven to the 
best compromise design for a line of 
fixed resistors.4 For a de ade resistor, 
however, in which the resistance range 
is relatively large, the effect of the resid­
ual parameters can only he :minimized 
by making the residual parameters 
themselves as small as possible. 

TYPE 602-G DECADE­
RESISTANCE BOX 

At radio frequencies the resistance al­
ues most coIDDlonly encountered u ually 
lie in the range from. 1 n to 1000 n. The 
TYPE 602-G Decade-Resistan e Box, 
which covers this range in three decade , 
was therefore chosen as representative. 

In Figure 3 is shown the variation in 
resistance of the 1 fl-step decade at fre­
quencies of 2, 5, and 10 Mc. For con­
venience, the resi!'t:ance change from zero 
dial setting to any other dial setting is 
expressed as a fraction of the nominal 
resistance at the final dial setting. The 
plot is therefore really of incremental 
resistance and is particularly useful when 
the resistor is left in. circuit at all times 
and is varied to alter circuit conditions. 
The zero resistance, R0, which arises in 

he wiring, must be added, to the value 
indicated in Figure 3 to obtain the ab­
solute terminal resistance at any setting. 

The behavior of the equivalent circuit 
shown, with the constants listed in "the 
caption, approxima·tes closely that of the 
actual decade, both for resistance and 
reactance. 

The reactance, for all practical pur­
poses, is that of an inductance equal to 

•See D. B. Sinclair, "The T PE 663 Re i tor - a Standard for Use at High Frequencies," General Radio Experi11wnter, 
ol. 8, o. 8. p. 6; ] an. (1939). [Footnote 3.] 
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FIGURE 4. P1ot of change in resistance of 1 0  
n-step decade of TYPE 602-G Decade Resist­
ance Bo at frequ.cncie of 2, 5, and 10 Mc: 

D,.R = 10 n (nominal) 
Lo = 310 x 10-9 h 

D,.L = 110 X 10-9 h per step 
c = 26.0 - 2 3.5 µµf 

Ro = 0.0 5 n at 2 Mc 
0.09 n at 5 Mc 
0.1 3 n at 10 Mc 

The kin-effect in the resistance ·ards of this 
decade is ap p roximately: 

0.0% at2 Mc 
0. 3% at 5 Mc 
1.2% at 10 Mc 

the sum of the zero inductance, Lo, 
which arises in the wiring, and the in­
ductance of the resistance cards. The 
inductance of a card, 6L, is essentially 
independent of its location in the decade 
and is therefore listed as a cons"tant val­
ue. For this decade, variations in the 
capacitance, C, could not he accurately 
deduced from the observed measure­
ments and it is "therefore assumed in­
dependent of switch s tting. 

FIG RE 5. Plot of ratio of reactance to nomi­
nal resis·tance of 10 n-step decade of TYPE 602-
G De ade R sis"tance Box at frequencies of 2, 

5, and 10 Mc. 
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FIG RE 6. Plot: of change in resistance of 100 
n- tep_ decade of TYPE 602-G Decade Resist:­
ance Box at frequencie of 2, 5, and 110 Mc. 
The solid curves repre ent; measured value . 
The dot:ted cur e are ha ed on the following 
constant;s: 

.D.R = 100 n (nominal) 
Lo = 310 x 10-9 h 

D.L = 287 X 10-9 h per step 
c = 21.0 - 12.7 µµf 

Ro = 0.05 n at 2 Mc 
0.09 n al: 5 Mc 
0.13 n at; 10 Mc 

The kin-effect in the cards of "this decade is 
negligible. 

The rise in resistance at a setting of 
1 n is largely caused by skin-effect, the 
further rise as the resistance is increased 
being caused by resonance between the 
residual inductance and capacitance. 

In Figures 4 and 5 are shown curves 
of effective resistance and reactance for 

FIGURE 7. Plot; of ra1.io of reactan.ce to resist:­
ance of 100 n-st;ep decade of TYPE 602-G 
Decade Resistance Box at frequencies of 2, 5, 

and 10 Mc. 
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the 10 n-step decade. The skin-effect for 
this decade is much less than for the 1 n 
decade, and the resistance rise shown is 
largely caused by resonance at all se-t­
tings. The relatively large rise at the 1051 
setting occurs because the zero induc­
tance in the wiring is considerably larger 
than that of the card itself. 

For convenience, the effective react­
ance is expressed as a fraction of "the 
corresponding nominal resistance. The 
reason that "the reactance curves rise at 
"the low-resistance settings is again "that 
the zero inductance in the wiring is large 
compared with the inductance of a card 
and so contribu"tes proportionately more 
to the over-all inductance at low settings. 

The listed circuit cons"tan"ts, when used 
in the .equivalent circui"t of Figure 3, 
yield a close approximation to the ob­
served measurements of both resis"tance 
and reac"tance. To a firs"t approxim.a"tion 
the effective capacitance, for this decade, 
is found to vary linearly, as a function 
of dial seuing, from 26.0 µµf, at a 
setting of 10 n, to 23.5 µµf, at a setting 
of 100 n. This comes about because 
capacitance from. the resistance cards to 
ground is less e ffective when they are 
active -than. when they are ou-t of circui"t.6 
As the resistance increases, therefore, 
"the capaci"tance decreases. It is lower, in 
general, than. it is for the 1 fl-step decade, 
because any capacitance to ground in 
tha"t decade, which is be-tween. the 10 !2-
step decade and ground, is shor"t-cir­
cuited. 

In Figures 6 and 7 are shown curves 
of effective resistance and reactance for 
the 100 !2-step decade. The resistance, 
for low settings, rises above the d-c value 
because of resonance. As the resis"tance 
increases, however, the terms contain­
ing R in Equation (1) become predomi­
nant, and the resistance drops because of 

5Because oft.he voltage distribution, the effe tive capaci­
t.ance of the cards in cir uit to ground ie of the order of l /3 
of their total capacitance to ground. 
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FtGURE 8 (right). Resis-tance rise of TYPE 510 
Decade Resi "lance Uni-ts caused by skin-effe t. 
For -the 0.1 n-s-t�p uni-t (TYPE 510-A) and th 
1 fl-step unit (TYPE 510-B) the variation of 
resistance wi-th frequency is almo t entirely 
caused by skin-effec-i and is con equendy in­
dependen"t of dial setting. The equivalent circuit 
constan-ts are: 

LlR 
Lo 

t!..L 

510-A 
0.1 n 

22.6 x l0-9 h 
13.7 x lo-9 h 

510-B 
n (nomina1) 

22.6 x 10-9 h 
55.6 x 10-9 h 

The zero resistance, Ro, for -the e units 
about 0.01 n at: 10 Mc. 

·the shunting effect of C. For the same 
reason the reactance, which is positive 
for low values of resistance, becomes 
negative for high values. The skin-effect 
for the resis·tance cards of this decade is 
negligible_ 

The values of the listed circuit con­
stants, when applied to the equivalent 
circuit of Figure 3, give close agreement 
with the measured reactance and with 
the measured resistance at high-resist­
ance settings. At low-resistance settings, 
however, the computed resistance devi­
ates from the measured resistance as 
shown in the dotted curve of Figure 6. 
This deviation arises because the di -
placement currents to ground from the 
inactive cards in the 100 n-step decade 
pass first through the resistances of these 
cards as conduction currents. The con­
sequent power loss is relatively great and 
causes a resistance shunting effect that 
decreases the effective resistance from 
the value it would have if the capacitance 
were loss-free.6 The effect is a maximum 
at resistance settings of 200 and 3 00ohms. 
For higher resistances the discrepancy 
decreases because the inactive cards be­
come fewer; for lower resistances the dis­
crepancy decreases because the resistance 
goes down more rapidly than the effec­
tive shunting resistance. 7 

6See, for instance, Jones & Josephs, Journal American 
Chemical Society, Vol. 50, p. 1049, 1928, for a discussion of 
this "hung on" effect at low Ireciuencies. 

7Some dis repancy between con1put d and n�ea ured re­
sistance would still be expected at the high-resistance sel­
ling� of the 10 U-step decade. That this wa not e plicitl 
noted is ascribed ·to the neces11arily approximate nature of 
1he equivalent. circuit and Lhe method of deducing the 
values of L and C for u e with it. 
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FIGURE 9 (below). Plo-t of change in resistance 
of 10 il-step unit (TYPE 510-C) at frequencies 
of 5 and 10 Mc: 

t!..R = 10 n (nominal) 
Lo = 2 2.6 x 10-11 h 

t!..L = 110 X io-0 h 
c = 7.7 - 4.5 µµf 

Ro = 0.004 n a-t 2 "Mc 
0.007 n a-t 5 Mc 
0.004 n at 10 Mc 

The skin- ffect ·n the r i tanc card of 
this decade i appr ·

mat 1 : 
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1.2 1(i al: 10 Mc 
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FIGURE 1 . Plot of change in resistance of 100 
0-step unit (TYPE 510 -D) at a frequency of 10 
Mc: 

t).R = 1 0 0 n (n ominal) 
Lo = 22.6 x io-9 h 

D.R = 287 X 10-9 h 
c = 7.7 - 4.5 µµf 

Ro = 0.004 n at 2 Mc 
0 . 0 0 7  n at 5 Mc 
0.01 n at 10 Mc 

The skin -effect in the resi tance cards of this 
decade is negligible. 
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FIGURE 12. Plot of ratio of reactance to no:m.:i­
nal resistance of 10 0 n-step unit (TYPE 510 -D) 

at frequencies of 2, 5, and 10 Mc. 

It should be emphasized that when 
resistance in more than one decade is 
being used, the plotted results cannot be 
combined directly because of the inter­
action between the residual parameters 
in the various decades. To a first approx­
ima ion, however, the SUJil of the react­
ances can be assumed equal to the 
total reactance, and the multiplying 
factor for the resi tance etting in the 
higher decade can be applied to the 
sum of the resistance settings. 

The variations in resistance and react­
ance of the TYPE 510 De ade-Resistance 

nits that are u ed in the TYPE 602 
Decade-Resistance Boxes are plotted in 
Figures 8 to 12. Jn general the variations 
follow the same pattern as those for the 
corresponding decades in the decade­
resistance boxes, but the variations in 
resistance and the magnitudes of the re­
actance are less becau e the capacitance 
and wiring inductance are much re­
duced. They were measured without 
shield can in order to make this reduc­
tion of capacitance as great as possible. 

-D. B. SINCLAIR 

NEW DIAL PL AT E 

• THE NEW TYPE 318-C Dial Plate, 
shown here, is intended for use w·th 
air condensers, variometers, and o1:her 

ariable circuit elements having a 180-
degree angle of rotation. The scale 
progresse in a counterclockwise direc­
tion and has ten main divisions, each of 
which is di ided into :five small divisions. 

The cale is photo-etched with raised 

View of the TYPE 3 18-C Dial Plate. 
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nickel-s"lver graduations on a fiat black 
background. The diameter of the plate is 
three inches. It can be used with a 1%-

Type 

7 EXPERIMENTER 

in.ch knob, either kirted or with pointer. 
The enter hole will cl ar a %-inch shaft. 
Net Weight: % ounce. 

Price 
318-C I . . . . • • . . . . • . . . . . . . . . . • . . . . . . • . • . . . .. . . . . . . .  I $0.35 

USING THE VARIAC AT LO W FREQUENCIES 
e A L T H 0 U G H V A R I A C S are de­
signed for 60-cycle service, they can be 
used at lower frequencies provided the 
ratings are reduced. 

_ Standard ratings are for 60 cycles, but 
an adequate margin is auo, ed so that 
the full 60-cycle rating can be obtained 
at 50 cycles. For frequencies lower than 
50 cycles the voltage applied should be 
less than the rated voltage of the V ariac 
in the same ratio as the reduction in fre­
quency. For instance a 230-volt, 60-
cycle Variac can be used on a 115-volt, 
25-cycle line. The current rating remains 
unchanged and the volt-ampere rating 
is consequently halved. 

Used at 25 cycles, the ratings for the 
230-volt, 60-cycle V aria s are as shown 
in the table below. 

230v 

25..v 

LINE 

0 
b 

s 

230• 
60"' 

VARI AC 

0 - 230 v 

251V 

OUTPUT 

FIGURE 2. Circuit for handling m.ore power 
than i possible with that of Figure 1. 

Load Input 
Type Rating Voltage 

200-CUH 290 va 115 v 200-CMH 
100-R 1 kva 115 v 

50-B 3.5 kva 115 v 

230• 

25"' 

LINE 

230 v 
60.v 

VARIAC 

0-230v 

25N 
OUTPUT 

FIGURE l. Showing how autotransformers are 
used with a Variac on 230-volt, 25-cycle 

circuits. 

When it is desired to control a 230-
volt line at 25 cycles, auxiliary trans­
formers can he used. 

Figure 1 illustrates the use of two 
auxiliary transformers, one for stepping 
down the input voltage to the Variac 
and the other for stepping up the output 
voltage from the V ariac. Figure 2 illus­
t:rates a method for ohtaining nearly 
twice the power output obtainable in 
Figure 1. With the switch ��s" in position 
��b" the output may be controlled from 
0-115 volts, while in. position ��a" control 
is from 115 to 230 volts. If the switching 
is done while the brush is at the end con­
nected to the center tap of t:he auxiliary 
transformer, there will be no disconti­
nuity in the output voltage, since the 
Variac is then effectively out of circuit. 

Output 
Voltage 

0-135 v 

0-135 v 
0-135 v 

- S. . BUCKINGHAM 
Output Current 

Rated Maximum 

Sa 

9a 
20 a 

7.5 a 

9 a 
31 a 
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