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FREQUENCY CHARACTERISTICS
OF DECADE CONDENSERS

@ IT HAS BEEN CUSTOMARY IN
THE PAST to think of the capacitance and
dissipation factor of decade condensers, such
as the TypE 219 Decade Condensers and the
Tyee 380 Decade-Condenser Units of which
they are composed, as fixed quantities inde-
pendent of frequency, at least to their stated

accuracy. This is by no means the case and, since decade condensers are
now being used over increasingly wide frequency limits, it becomes im-
portant to know the limits within which these condensers may be safely

used.

The general way in which both capacitance and dissipation factor vary

with frequency is shown by
the various curves of Figure 6.
There is always a minimum,
but the inereases at the high
and low ends are produced by
quite different causes. The low
frequency rise is caused by
dielectric polarization, a prop-
erty of the solid dielectric of
which the condensers are made,
while the high frequency rise
comes from the effect of the
residualimpedancesin the leads
from the terminals through the
switches to the individual mica
or paper condensers. Each of
these causes will be discussed
in considerable detail, first for
Tyee 380 Decade-Condenser
Units and then for Tyee 219
Decade Condensers.

Frcure 1. Panel view of a Tyre
219-M Decade Condenser.
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GENERAL

DIELECTRIC POLARIZATION

The behavior of any dielectric as the
frequency is varied d!‘pi'ndli upon the
polarization existing in that dielectric.
There are two distinet kinds of polariza-
tion, dipole and interfacial. Dipole polar-
ization, as first described by Debye,
oceurs in dielectrics having polar mole-
cules. In an alternating electric field
these dipoles tend to oscillate with the
field and the degree with which they
succeed determines the increase in di-
electric constant and capacitance. The
way in which this increase occurs as
the frequency is decreased is shown in
Figure 1.' Dissipation factor also in-
creases at first but reaches a maximum
and then decreases in a symmetrical
curve. Interfacial polarization, first
deseribed by Maxwell, oceurs in com-
posite dielectrics. The heaping up of
the charged carriers, ions or electrons,
at the interfaces of the components
during each alternation of the electric
field, serves to increase the dielectric con-
stant and capacitance just as effectively
as the oscillation of the dipoles. In fact
the two types of polarization cannot be
distinguished by the way either dielec-
tric constant or dissipation factor varies
with frequency. In that respect they
differ only in the frequency ranges in
which they occur, as indicated roughly
in Figure 2. Interfacial polarization has

TE. J. Murphy and S, 0. Morgan, The Dieleetric Proper-

ties of Insulating Materials, Bq-ll System Technical Journal,
Vol. 16, Ocr. 1937, pp. 493-5
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Ficure 3. Change of dielectric constant, loss
factor, and dissipation factor with frequency
for a single polarization.

also been called dieleetric absorption
and volume charge, these names being
particularly appropriate when referring
to the fact that the total charge stored in
such a dieleetric by the long-time appli-
cation of a steady voltage can be several
times that expected from the audio-
frequency dielectric constant.

The frequency at which maximum
loss factor # occurs, called the relaxation
frequency, and the rates at which both
loss factor and dielectric constant change
with frequency depend on the kind of
polarization, the kind of dielectric, and
the temperature. For mica there is no
dipole polarization and the relaxation
frequency for its interfacial polarization
is well below 1 cyele. The interfacial re-
laxation frequency for paper is also well
below 1 cyele, Paper has also a dipole
polarization in the neighborhood of 100
Me, which is of little consequence be-

*Dissipation factor ) = R loes factor = DK, where K in

x;

the dielectric constant.
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Ficune 2. Typical
curves showing how
dielectric constant and
dissipation  factor
change with frequency
due to dielectric polur-
ization (after Murphy
and Morgan). The up-
per branch of the dis-
sipation factor curve
shows the effect of d-¢
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cause paper condensers are rarely used at
high frequencies. The use of wax or min-
eral oil for impregnation adds little to
the polarization. Some of the recent
synthetic oils, particularly those con-
taining chlorine. have dipole polariza-
tions with relaxation frequencies around
1 Me.

The exact shapes of the curves of
Figure 2 are shown in Figure 3, where
frequency, loss factor, and dissipation
factor are plotted logarithmically and
dielectric constant arithmetically. At
the relaxation frequency f.. where loss
factor is a maximum, dielectric constant
is changing at the greatest rate and has a
value just half way between its low and
high frequency values. The shoulders of
the loss factor and dissipation factor
curves at a considerable distance from
the relaxation frequency are linear. Simi-
larly, a plot of the fractional increase in
dielectric constant, expressed in terms of
the total increase, at frequencies consid-
erably higher than the relaxation fre-
quency is also linear. The slopes of the
shoulders of both of these lines are
equal.?

Representative values for the four
different kinds of Type 380 Decade-
Condenser Units are shown by the lines
of Figure 4, which start down from the
left. In the case of dissipation factor this

The slo; ure rellu-d to the cluprau-nn angle of the
centet of IE' d by factor
and Maxwell dcm-nd .lhl.l ;;;\1;‘*;“«: r—;nllﬁ - :m?:n:?l:
with its center ou the dielectric constant axia. The fact that
data obtained from all solid and most %Hld dielevtrics is well

represented by a circular m with center was
pointed out by K. S, and R. H. Cole*,"% in 1941

K. S, and R. H, Cole, Dispersion and Absorption in
Dielectrics, Journal of Chemical l’lr”lu. Val. 9, Apr. 1941,
pp. 341-351,
'll F. Field, ﬂw B-m for the Non-destructive Testing of
AIEE Vol 60, Sept. 1941, pp.
890—8')5

W, Kavzmann, Dieleetric Relaxation as o Chemical Rate
PrmRaim of Modern Physics, Vol. 14, Jan. 1942,
pp. v

Ficune 4. Components of fractional eapaci-

tance and dissipation factor as a function of

frequency. The lines slanting down from the left

come from interfacial polarization, those slant-

ing up to the right come from residual indue-
tance and resistance.
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would imply very low values at high
frequencies. Actually for mica and other
low loss dielectrics, such as quartz and
polystyrene, there appears to be an
underlying polarization which provides
an almost constant dissipation factor.
The dipole polarization in paper causes
a minimum in dissipation factor beyond
which, at higher frequencies, the dissi-
pation factor rises.

RESIDUAL IMPEDANCE

At high frequencies the small induc-
tance and resistance of the leads of a
solid dielectric condenser produce an
increase in its apparent capacitance and
cllsslpatlon factor.”""" The fractional in-
crease in capacitance of the circuit
shown in Figure 5. which represents this
case, is

AC @*LC
?:— m w'LC approx. | 1)
’R F. Field -nd D B. "mzlm A Mﬂbod for Determining
the R and R of a Variable Air

Condenser at R-dlo Frequencies, "muul‘w of the Institute
of Radio Engineers, Vol. 24, Feb. 1936, pp. 255-274,
'D B. Sinclair, Parallel-Resonance Methods for Pncue
of High 1 4 at Radio Fi
and " (mnplrhon vulh Ordinary Series- Kuovulme N elbodn,
Pr of the i of Radio Engi Vol. 26, Dee.
1038, pp. 1466- 1497.

*D. B. Sinclair, The Behavior of Tyre 505 Condensers at
High Frequencies. Genoral Rodio Experimenter, Vol. 12,
Apr. 1938, pp. +-8.
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Ficure 5. The residual impedances L and R are
in series with the solid dielectric condenser hav-
ing a capacitance C and dissipation factor D).
The fractional increase in capacitance
varies as the square of the frequency.
The increase in dissipation factor is
AD = RuC (2)
But the actual value of resistance to be
used is the a-c resistance at a given fre-
quency, not the d-c resistance. The leads
are usually of sufficient diameter so that
all the current flows on the surface."
Under this condition the resistance in-
19, A. Wheeler, Formulas for the Skin Effect, Procoed-

creases with the square root of the fre-
quency,

R = R\V/ (3)
where Ry is the resistance at unit [re-
quency, usually 1 Me. Hence

AD = 2xRy f*C (4)

where R,'is the value that the resistance
would have at a frequency of 1 cyele, if
the square law held to that frequency.
Thus. the increase in dissipation factor
varies as the three-halves power of the
frequency.

Representative values of the residual
impedances for the first four steps of a
Tyre 380 Decade-Condenser Unit are
0.25 gh and 0.07 2 at 1 Me for the L. M,
and N types and 0.35 gh and 0.01 @ for
the I type. The d-c resistance of the
switch is only about 0.02 @, so the skin
effect ratio at 1 Me is 3.8. This corre-
sponds to a No. 18 copper wire. The
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residuals are shown by
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Ficure 6.  Frequency
o characteristics of Type
380 Decade Condenser

Unit for switch positions
1 and 10, obtained by
adding the components
shown in Figure 4. The
distribution of the curves
for the other switch posi-
tions is shown for the
Tyee 380-N Unit. The
curves for the zero capaci-
tance are shown in the
upper left corner of each
plot.
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CONDENSERS IN PARALLEL

Ina Tyre 380 Decade-Condenser Unit
four separate condensers are successively
connected in parallel groups by means of
the drum switch shown in Figure 7 to
give the ten steps of a decade. The four

units have capacitances in the ratio
1:2:3:4, giving the first four steps

directly and are then combined in the
manner shown in Table 1 to give the
other steps. For the small values of dis-
sipation factor which these condensers
have, capacitances add «Iin-«'ll_\'." while
dissipation factor is calculated from the
rule that the produets, dissipation factor

» . 12
times capacitance, add.

Y G+ Ci+ e =
) = DiCy + DGy + - - - S(DC) (5)
g Ci+Cs+ -+ sC

To a good approximation all four units
have the same dissipation factor, which
thus becomes the value for all settings.
Limiting values of the DC products for
the various decades are given in Table 11.

The Typre 380 Switch and the wiring
to the four condensers has a capacitance
of about 11 guf. This is the zero capaci-
tance of the switch and must be added to
the sum of the capacitances of the con-
densers used at any setting to get the
total capacitance. The dissipation factor
of this zero capacitance is about 0.05 at
1 ke, thus giving a DC product of 0.55

TABLE 1

Step Lnits Used L /LG and R /Rc
11 I tod 1.000

5 4+ 1 680

(] } +2 556

7 I+ 3 510

8 t+3+1 06

9 $ + 3 +2 358

10 4821 2300

UActually there are mutual capacitances among the
four units which are successively shorted by the switch in
its different positions. This causes the actual capacitance to
be less than the sum of the separate capacitances. This
difference is small and i= significant only in the Tyry 380-N
Decade

UNote the unalogy with loss fuctor which is dissipation
factor times dielectne constant

Ficure 8. Schematic diagram of a Tyee 380

Decade Condenser Unit showing the residuals

L¢ and Re associated with the separate con-

densers, residuals Ly and Ry of the leads, and

the zero capacitance Cg with its dissipation
factor Do.

puf. This is sufficiently large so that it
must be included in calculating the dis-
sipation factor for all settings of the
Type 380-N Unit and the first several
settings of the Type 380-M Unit. The
Ficure 7. View of a Type 380 Decade Con-

denser Unit showing the switch and the metal
container which holds the condensers.
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Ficure 9. Schematic diagram of a Type 219
Decade Condenser, showing the added residuals
La and Ry of the leads to the Tyeg 380 Units

and the added zero capacitance Cp and Dp,
variation with frequency of both the
zero capacitance and its dissipation fac-
tor is shown in Figure 6.

The residual impedances of a Type
380 Decade-Condenser Unit are divided
in the manner shown in Figure 8. Each
condenser has the residuals Le and Re in
its own leads to the switch, with the re-
siduals Ls and Rs common to all for the
L. M, and N types. Approximate values
of these residuals are (.10 gh and 0.15 gh
for the inductances and 0.03 2 and 0.04
2 at 1 Me for the resistances, respec-
tively. Actually, because the leads from
switch to condensers are of different
lengths, the residuals Le and Re for the
four condensers differ slightly. For a
particular switch the measured values
for the four lead inductances were 0.100,
0.076, 0.095, 0.076 wh in the order 1. 2, 3,
4. These values follow roughly the areas
embraced by the leads as shown in Fig-
ure 7. These differences are not signifi-
cant and it will be sufficient to use the

rounded value 0.10 gh. There are also
similar small differences in the resistance
values. The residuals for the F' type are
0.10 gh and 0.25 gh, 0.03 2 and 0.07 .

When capacitances with residual im-
pedance are connected in parallel, the
impedances add according to the fol-
lowing rules:

_ LG+ LG+ -+ Z(LCY)
- (G4 C+--r EC
- _RCI 4 RC+--- _ Z(RCY ©
(Ci+ Co+ - -4)2 22C

When the residuals are all equal.

=C?

L=Lese
(7)

22

R = RC‘T"E

which yield the ratios L/Ly and R/R.
for the ten positions of the switch given
in Table I. For this case the residuals at
maximum capacitance are only three-
tenths of their values at minimum capac-
itance. The effect of this change in the
apparent value of the residuals on the
capacitance change and dissipation fac-
tor of the various Type 380 Units is
shown in Figure 5. Curves for the maxi-
mum and minimum capacitance settings
are shown for all four Type 380 Units.

TYPE 219 DECADE CONDENSERS

When szeveral Type 380 Decade-
Condenser Units are assembled to form a

TABLE 11

C DC

e Decade Material Case uf upf
F Mica 505 d -1.0 20-200

M Mica Moulded 01 -1 5-50

N Mica Moulded 001- .01 1-10
L Wax paper Jd =10 500-5000

TABLE 111
Total
L R at IMc L R at IMe

_ Position Unie uh Q wuh 0
B 1 3BO-F& L | .16 025 16 025
2 380-M 10 015 26 040
3 380-N 10 015 36 055

@
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Tyre 219 Decade Condenser, a zero
capacitance common to all the units and
residual impedances between the units
is added as shown in Figure 9. The
largest unit is placed next to the ter-
minals and, therefore, has the smallest
residual impedances. The added zero
capacitance is about 8 uuf with a dissi-
pation factor of about 0.05 at 1 ke.
Their variation with frequency is the
same as those of the separate units as
shown in Figure 5. It is most convenient
to add together all of the zero capaci-
tances, for the box and for the three
units, This gives a total of 41 uuf for the
Tyre 219-M and 46 puf for the Typrr
219-K Decade Condensers. Their re-
spective DC products are 2.05 puf and
230 puf. These values are sufficiently
large so that they must be considered in
calculating the dissipation factors of all
settings for both of the two lower
decades,

Values of the residuals indicated in
Figure 9 are given in Table I11. 1t is also
most convenient here to add together all
of the residuals associated with each
unit. These totals are given in the last
two columns. The increases in capaci-
tance and dissipation factor caused by
these larger residuals are shown in Fig-
ure 10, These curves differ from those of
Figure 6 mainly by having larger in-
creases at the higher frequencies.

When more than one decade unit is
used it is generally sufficient to assume
that all of the capacitance is associated
with the highest decade. This assump-
tion will be safe except when the capaci-
tances in the two higher decades are
nearly equal, 18 or 19, or in the Type
219-K Decade Condenser where the
Tyre 380-F Unit is so much better than

IET

534 Main Street, Westbury, NY 11590

Ficure 10. Frequency characteristics of Type
380 Decade Condenser Units when mounted 1o
form Type 219-M and -K Decade Condensers.
As compared to Figure 6, the high-frequency
parts of the curves are shifted to lower
frequencies.

the Type 380-M Unit. In any case, how-
ever, it must be recognized that the data
and curves given in this article are av-
erage values. considerably smaller than
the catalog limits, which may at times
be approached. Divergencies from the
given average values will be least for
residual inductances, and most for the
dissipation factors from dielectric polar-
ization. High relative humidity can
greatly increase the dissipation factor of
the zero capacitances and to a lesser ex-
tent the capacitances and dissipation
factors of the condensers themselves.
The dissipation factors of the separate
condensers may vary by a factor of two
or three among themselyes, and their
capacitances are only adjusted within
+1%., 2% for Type 380-L. It follows.
therefore, that accurate values of any
particular decade condenser can be ob-
tained only by extensive measurements
on that particular instrument.

— R. F. FieLp

[ EXPERIMENTER
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PERIODIC MAINTENANCE WILL KEEP THEM IN SERVICE

@ ONEUSER OF GENERAL RADIO
standard-signal generators reports that
the generators are working around the
clock — three eight-hour shifts a day —
and have not been turned off for four
months! We know, and the user knows,
that these instruments are built for in-
termittent service, and that their ability
to stand up under these unusual de-
mands is a tribute to the excellence of
their mechanical design and construc-
tion. But we hoth also know that a def-
inite schedule of periodic inspection and
maintenance is what makes this per-
formance possible,

If your General Radio instruments
are being used in production testing, set
up a maintenance schedule and see that
it is rigidly followed. The small cost and
bother will be saved many times over in
eliminating the hours that are lost when
instruments must be returned to us for
repair.

Get a set of Service and Maintenance
Notes for your General Radio instru-
ments from our Service Department.
These will help you to locate trouble and

to identify defective components. In-
spect, lubricate, and clean moving parts
regularly. and if gears, slide wires, or
other parts show serious wear. get a re-
placement from our Service Department
and have it ready to install before actual
failure. If major failures oceur, write to our
Service Department. which is equipped
to give prompt service to war plants.

Our Service and Maintenance Notes
are compiled from Service Department
records (we keep a complete case history
file for all major instruments). {rom our
standards laboratory test specifications,
and from engineering department sug-
gestions. They have already helped hun-
dreds of General Radio customers to get
better seryice from their equipment, and
to save valuable production time.

If you do not already have our Service
and Maintenance Notes, write to our
Service Department. You will receive in
return a form on which to list the type
number, serial number, and approximate
date of purchase of your General Radio
instruments. When the form is returned.
the notes will be mailed to you promptly.

HE General Radio EXPERIMENTER is mailed without charge each
month to engineers, scientists, technicians, and others interested in
communication-frequency measurement and control problems. When
sending requests for subscriptions and address-change notices. please
supply the following information: name, company name. company ad-
dress, type of business company is engaged in, and title or position of

individual.

GENERAL RADIO COMPANY

30 STATE STREET -

CAMBRIDGE A, MASSACHUSETTS

BRANCH ENGINEERING OFFICES
90 WEST STREET, NEW YORK CITY
1000 NORTH SEWARD STREET, LOS ANGELES, CALIFORNIA
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