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IMPEDANCE BRIDGES ASSEMBLED FROM

| : LABORATORY PARTS

Alse | PART VI—INDUCTANCE
T TRIVS= kSR MEASUREMENTS
Page
Usine THE CATHODE- INDEPENDENCE OF BALANCE
f{;‘YFO:‘;‘;i?;';"é’;‘ ® IN ANY ALTERNATING-CURRENT
ComParISONS . . ... 5 BRIDGE there are two conditions that

must be simultaneously satisfied to obtain a
true null balance. For maximum convenience in the use of the bridge it is
desirable that the two adjustments for balance be independent of each
other, so that the element that is varied to secure one balance shall not
affect the other balance. Otherwise, the condition commonly known as a
“sliding zero™ occurs. It is characterized by the fact that balance must
be approached by comparing a number of successive adjustments for
minimum. The degree of dependency of the two components of balance

Ficurg 1. Schematic diagrams of (a) the Owen bridge, and (b) the ** Schering,”” or

parallel, form of the Owen bridge. The conventional forin of the Owen bridge balances

the losses in the P-arm by a condenser in series with R4, while the circuit shown in (b)

utilizes aé)arallel condenser across the A-arm. Circuit residuals are represented by Ry,
B

24 and in both diagrams. The approximate equations of balance are
D4
Owen: Ly = R4ReCn3 Qpr = 1 D4(Qp + Dx + Q'4)

ce N 29 RARBCN 1
Seheding™: Le = T =52+ Q¢ = 5.1 05 & Dy

(a)
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on each other (i.e., the amount of ““slid-
ing”’) is dependent only on the storage
factor, Q, of the unknown impedance.!
The higher the storage factor of
the unknown impedance, the less
pronounced is the sliding effect.

It can be shown that truly independ-
ent balances are obtained only when
the two adjustments for balance are
made in the same arm, or when one ad-
justment is made in each complex arm.
An example of the first method is the
Owen bridge, while a bridge devised by
Sinclair? illustrates the second.

The two elements that provide inde-
pendent balances can be made direct
reading for the resistive and reactive
(or conductive and susceplive) compo-
nents of the unknown impedance, in-
dependent of each other.

As an example, consider the Iay and
Maxwell bridges, already discussed.
Both bridges are subject to a sliding
balance, since the elements that are
varied to secure balance do not satisfy
the conditions stated above. The lay
circuit is commonly used for inductors of
high Q. and the effect is not pronounced.
The Maxwell bridge, however, is fre-
quently used for measurements of low
storage factors, and in this case the
sliding zero becomes very noticeable. If
Cxy and Ry (where NV is the arm opposite
the unknown inductance) are chosen as
variables, the two components of balance
are completely independent, as pointed
out above. This method, however, re-
quires a standard condenser of the vari-
able, decade type. In general, the use of
such a condenser will mean some sac-

T'his statement refers to the four-arm bridge with two
complex arme. If three or more arms are complex, the degree
of dependency ie expressed in a somewhat more complicated
fashion.

2]). B. Sinclair, *“A Radio-Frequency Bridge for Lmped-
ance Measurements from 400 Kilocycles to 60 Mega-
cycles,” Proc. I.R.E., November., 1940, pp. 497-503.

rifice in accuracy of inductance meas-
urements, as compared to the accuracy
attainable with a fixed standard con-
denser. Furthermore, the bridge no
longer can be made direct reading for Q.
For these reasons, this arrangement is
not commonly used, and the method
suggested earlier (varying R4 and Ry ) is
generally preferred in spite of the con-
comitant sliding zero.

THE OWEN BRIDGE

Another well-known circuit for the
measurement of inductance is the Owen
bridge shown in I'igure 1(a). In this cir-
cuit the resistive component of the un-
known impedance is balanced by a ca-
pacitance in series with one of the
resistive arms. If the reactive balance is
obtained by varying this resistive arm,
the two balances are independent, as
shown by the equations of Figure 1. We
have here a situation analogous to that
pointed out above for the Maxwell
bridge, wherein independent balances are
secured if the resistance and capacitance
of the standard arin are both varied.

For the Owen circuit the variable con-
denser determines the resistance bal-
ance, whereas for the Maxwell bridge
the variable condenser determines the
inductance balance. A decade condenser,
with its relatively poor accuracy (typi-
cally 19), is generally satisfactory for
the resistance measurement, however, as
larger errors from other sources gener-
ally determine the accuracy of meas-
urement of this component.

Another well recognized advantage of
the Owen bridge is that it is a compara-
tively easy matter to pass direct current
through the unknown coil. This bridge
is consequently suitable for measuring
iron-core inductors with polarizing cur-
rent flowing.

The circuits so far discussed, however,
are all subject to the same limitation in

wWwWw.americanradiohistorv.com
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measuring coils of high @, namely that
the error in the determination of (Q
(or of resistance) is directly proportional
to Q, and an error of 259, 509, or even
greater is not uncommon when Q is of
the order of 100 or greater.

THE RESONANCE BRIDGE

The resonance bridge, shown in series
form in Figure 2, is undoubtedly the
most accurate method available {for
measuring coil resistance at audio fre-
quencies. Since the reactance of the [’
arm is reduced to approximately zero,
the resistance balance becomes the dom-
inant one, and the circuit residuals have
only a second-order eflect on it, while
having a comparatively large effect
on the reactance balance. This method,
then, although quite accurate for re-
sislance measurements, is not very accu-
rate for inductance measurements.

T'o obtain the coil resistance, when the
total P arm resistance is known, ob-
viously requires a knowledge of the ef-
fective resistance of the tuning con-
denser. Additional measurements are
thus required, unless condensers of
known dissipation factor are used, or
unless R¢ is negligible with respect

to I{L.

THE ‘““SCHERING’’ CIRCUIT

The analogue of the Schering (ca-
pacitance) bridge discussed in a previous
article i1s the circuit shown in Iigure
1(b).? Here the inductance is balanced
by a precision air condenser in the oppo-
site arm, while the resistance of the un-
known is balanced by a capacitance
across one of the fixed resistance arms.
As is the case for the Hay bhridge, the
two components of balance are depend-
ent on each other, but, for storage fac-

3This circuit may equally well be considered as a parallel
form of the Owen bridge.

> E ERIMENTER

tors greater than 10, the annoyance from
the sliding balance is not serious.

For capacitance measurements, one of
the advantages of the Schering circuit
lies in the fact that it is a relatively
simple matter Lo establish an initial bal-
ance by adjusting the difference Q4 —
Qp, using trimmer condensers across the
ratio arms. Jor inductance measure-
ments, however, the Q’s of the resistance
arms and the condenser are directly
additive, as pointed out in a previous
article. 'Thus, in this case, il is not pos-
sible to use parallel capacitance across
the resistance arms. The possibility im-
mediately suggests itself, however, of
using series inductance in one of the re-
sistance arms® to compensate for the
residual Q’s of the circuit. The estab-
lishment of the initial balance requires
an inductance of high Q, the value of
which is known to a moderate accuracy,
or, alternatively, a moderate value of Q,
accurately known. This, in turn, re-

«This is comparable to Grover’s arrangement for using

series inductance in a ratio arm to measure the Djof a con-
denser.

Ficurie 2. 'The series-resonance bridge. The
capacitances C,, Cg, and Cxy are circuit resid-

uals. The equations of balance are
i RpRy 1 — Qa2
P™ Ra 1+ Qn(Qa + QB) + QuQ=

Ly, = —— (approximatel
p wZ(,p(ll mately)

www americanradiohistorv com
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Ficure 3.

GENERAL RADIO <

quires an independent method of meas-
uring resistance accurately, but fortu-
nately such a method is available in the
series-resonance bridge.

A compensated circuit of the type out-
lined, using the same components as the
Schering capacitance bridge already de-
scribed,® is shown schematically in Fig-
ure 3. The secondary shield-to-ground
capacitance of the transformer is placed
across the resistance arm A, with the
smaller (10 uuf) terminal capacitance
across the capacitive arm N (TypPe
722-D Precision Condenser). A fixed in-
ductance, L 4, is used, with an additional
trimmer capacitor C’4, to make the
final adjustment in establishing the in-
itial balance. For an A4 arm resistance of
20,000 ohms, a 50 or 100 mh choke® may
conveniently be used for L4, together
with a 100 uuf condenser used for C,.

5General Radio Experimenter, August, 1941, p. 2.

Connections for a bench set-up of
a parallel form of Owen bridge.

TYPE 8I4-A
AMPLIFIER

TYPE 713-B
OSCILLATOR

“WWW._americant

adiohistorvconmr————

The stray capacitance placed across
the standard condenser can be
termined by a method similar to that
used with the capacitance bridges. If
two balances are made for a given Lp,
one with the standard condenser discon-
nected at its high terminal, the other in
the usual manner, with Cy set at about
100 wpuf, the stray capacitance Cp will
be given by

de-

1
.;\'vl & Yo 1
B,

Co = C

Here B, is the reading of the I3 arm
resistance box with Cy disconnected, I3,
its reading with the standard set at a
value of Cx.

With this arrangement an initial bal-
ance was established against a Q of 20
(known to about =19, from resonance
bridge measurements). The Q’s of sev-
eral other coils were then measured, the
results checking the known values
within essentially the accuracy of read-
ing of the condenser C4. Additional cor-
rection terms are introduced into the in-
ductance equation by the transformer
capacitance shunting the series induc-
tance L 4. For the case cited, this correc-
tion is negligible, but it can become
significant if large inductances are used
in the 4 arm. — Ivan G. EAasTON

8The resistance of the choke must, of course, be added to
R4. The choke resistance is small compared to R4, however,

and the d-¢ value may be used without introducing any
appreciable error.

THERMOCOUPLES

We regret that, owing to circum-
stances beyond our control, we can no
longer supply vacuum thermocouples.
Consequently, all models of Type 493
Thermocouples are discontinued, effec-
tive December 1.

———
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USING THE

CATHODE-RAY

3P EXPERIMENTER

OSCILLOGRAPH IN

FREQUENCY COMPARISONS

®IN FREQUENCY MEASURE-
MENT AND CALIBRATION,
where an unknown frequency is to be
compared with, or adjusted to, a
standard frequency, the cathode-ray os-
cillograph offers a convenient and pre-
cise means of making the necessary com-
parison. The following summary of the
various ways in which a cathode-ray
oscillograph can be used advantageously
in frequency measurement presents no
new methods. The methods discussed
are presented particularly for those who
may have available a catbode-ray oscil-
lograph, but who may not appreciate its
potentialities in this field.

Il LISSAJOUS FIGURES

Starting with the simplest comparison,
if a voltage from a frequency standard is
applied to one pair of the deflecting
plates (say, the horizontal) of the
cathode-ray oscillograph and a voltage
from a source whose frequency is to be
adjusted in terms of the standard to the
other pair, patterns of the type illus-
trated in Figure 1 will be obtained.

These are the well-known Lissajous
figures. For simple frequency ratios, ex-
pressible by small whole numbers, the
patterns are not too complicated, and
identification of the frequency ratio is
possible, even when the pattern is ro-
tating slowly.

If the pattern can be made to be
nearly stationary, by adjustment of the
frequency to be checked, then the fre-

Ficurg 1.

quency ratio is found as follows: Count
the horizontal tangent points (such as
A, B, C, Figure 1); count the vertical
tangent points (such as D). The fre-
quency ratio is the ratio of the number
of horizontal points to the number of
vertical points, which, for the example of
Figure 1, is 3 : 1. If the unknown fre-
quency is on the vertical plates, then the
unknown is three times (as illustrated in
I'igure 1) the standard {requency.

As indicated by the successive parts
of Figure 1, the appearance of the pat-
tern changes progressively if there is a
slight difference in frequency between
the unknown and standard frequencies.
Under such conditions the tangent
points can be counted only for simple
frequency ratios. If a frequency ratio of
7 : 5 is obtained, for example, the pat-
tern appears almost as a network cov-
ering the area and, unless the pattern is
steady, it is very difficult to count the
tangent points.

Il MODULATED WAVE
PATTERNS

A wvariation of this procedure occurs
in the problem of matching a low beat
frequency, obtained as a result of com-
paring an unknown radio {requency
with a standard frequency. If this beat is
obtained in an oscillating receiver, the
oscillating frequency being offset ap-
preciably (by a kilocycle or so from both
of the radio frequencies), then the out-
put of the receiver is an audible tone, the

Lissajous figures for a frequency ratio of 3 : 1. At the left, the two frequencies are

shown in phase; at the center, slightly out of phase; and at the right, in quadrature.

UNKNOWN

STANDARD —=—

A B c A B C A B a
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phase; center, slightly out of phase; right, in

GENERAL RADIO @

amplitude of which waxes and wanes at
a rate equal to the low beat frequency
difference of the two radio frequencies.
If one of the two radio frequencies is
of somewhat greater amplitude than the
other, and if the receiver output is con-
nected to the vertical plates while a cal-
ibrated audio oscillator is connected to
the horizontal plates, then patterns of
the type shown in I'igure 2 are obtained.
The receiver output is equivalent to
an audio-frequency carrier modulated by
the beat-frequency difference. The pat-
tern of I'igure 2 is familiar as a means of
checking the percentage modulation and
indicating roughly the quality of modu-
lation. The advantage of this method in
frequency comparisons that the
audio-frequency system of the receiver
is not called upon to transmit a fre-

is

quency of only a few cycles; it transmits
the audible carrier, which may be placed
anywhere in the audible range. Also, the
matching oscillator can be operated at a
multiple of the beat frequency, in a
range where the accuracy of its calibra-
tion is usually much improved.

2, the illustration is made

In Figure
for a case in which one radio frequency
is roughly twice the amplitude of the
other, resulting in a modulation of the
audible carrier of 4/B = 0.5 approxi-
mately, or 509;. If the matching oscil-
lator frequency is not exactly equal to
the beat frequency, the pattern will

slowly progress through the sequence in-
Modulated wave pattern. Left, in

quadrature.

dicated. The illusion of a three-dimen-

sional figure 1is strong; the pattern
appears like a tube, with the ends cut at
an angle to the axis.

If the matching oscillator frequency is
adjusted to a multiple of, or in simple
ratios to, Lhe beat frequency, the pat-
tern developed at the ends of the figure
corresponds to the Lissajous figures for
the same ratios. If the matching oscil-
lator is adjusted to twice the beat fre-
quency, a pattern of the type shown in
Figure 3 results. It will be seen that a
“two-lo-one”’ pattern is developed at
each end of the figure or that, in illusion,
two tubes are developed, side by side. If
the matching frequency is not exactly
twice the beat [requency, the pattern
changes progressively through the se-

quence indicated.

11l CIRCULAR SWEEP
PATTERN

Very useful patterns are obtained if a
circular sweep is used. These patterns
are of a form in which the frequency
ratio is easily identified, even when the
ratio is expressed by numbers which are
not small integers.

To produce a circular sweep, it is nee-
essary to obtain two equal voltages hav-
ing a phase difference of 90 degrees from
the standard frequency source. One
method is illustrated in Figure 4.

The standard frequency is supplied
through transformer 7T-1, to match the
total load. Resistances, R, and react-
ances, C, are made equal in magnitude,
F1GURE 3. Successive phases of a modulated

wave pattern when the matching frequency is
twice the modulation frequency.

CARRIER FREQUENCY
TRACE
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for convenience. A value of 10,000 ohms
at the standard frequency is handy. The
phases of the voltages taken to the pri-
maries of 7-2 and 7-3 are 45 degrees
ahead and behind the voliage supplied
from T-1, or have a phase difference of
90 degrees. If the impedances of T-2 and
T-3 are high (interstage coupling trans-
formers with a step-up ratio of 6 : 1 are
suitable), then connecting them across
the elements R and C will not materially
affect the phase of the voltages. The
combined effects of the transformer load-
ing and of the impedances across the
secondaries generally make it necessary
to readjust the elements of the phase
shifter somewhat.

If the standard frequency supply is
distorted in waveform, a circular sweep
cannot be obtained. A low-pass filter is
then indicated in the
diagram.

If a cathode-ray oscillograph having
a radial deflector is used, the unknown
frequency can be placed on that elec-

necessary., as

trode. In the more general case, it is con-
venient to introduce the unknown on the
vertical plates as shown at 7T-4.

The type of patterns obtained with a
circular sweep are illustrated in Figure
5. With no unknown frequency intro-
duced, the pattern is a circle, with the
spot traveling once around the circle for
each cycle of the standard frequency. If
a frequency equal to five times the stand-
ard frequency is introduced on the ver-
tical plates. a pattern asillustrated in the
second part of the figure will result. The
frequency ratio can be determined by
counting the tops of the waves, as at
A, B, C, D, E. (If radial deflection is
used, the patternisnot distorted, and the
frequency ratio is found by counting the
outer tips of the waves.)

Note that, even when the unknown
frequency is not set exactly to five times
the standard frequency, the pattern does

= L T2
STANDARD e i 2
ereavency | o | S g
P | =, 1 R
c = l
' : T3

CRO DEFLEGTING PLATES

Ficure 4.
lar sweep.

not change form, but appears to rotate
slowly. The successive transitions from
one line to two lines (as in Figure 1) do
not occur. The pattern remains a “‘one-
line”” pattern as long as the frequency
ratio is not f[ar {from any integral mul-
tiple of the standard frequency.

If the unknown were adjusted to one-
fifth the standard frequency, a set of
five nearly concentric circles would be
seen. (Not illustrated.)
> pattern is extremely
convenient when using equipment whose
calibration is known to be nearly cor-
rect. For example, an audio-frequency
oscillator may be known to have no

The ‘“‘one-lhine’

error greater than a very few cycles at
any point in its range. If it is desired to
set this oscillator to, say, 1700 cycles in
terms of the standard (say 100 cycles),
then simply set the oscillator to 1700
cycles by its calibration. The pattern
will then be a “"one-line” pattern (having
17 ““tops,” but il is not necessary to

Ficure 5. Circular sweep patterns. Left,

standard-frequency circular sweep: center,

circular pattern with superimposed frequenc

equal to five times the standard; right, wit

superimposed frequency equal to 9/2 the
standard.

O KA &

@ EXPERIMENTER
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Connections for obtaining a circu-
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Multiple (N+1) . _
of Standard Single line
= 4/5 Five line
F—  3/4 Four line
——— 2/3 Three line
e 3/5 Five line
1/2 Two line
e 2/5 Five line
——— 1/3 Three line
= 1/4 Four line
= /S Five line
Multiple N . -
of Standard Single line

Ficure 6. Table showing the sequence oflpat-
terns in each standard-frequency interval.

count them), rotating at a rate depend-
ing on the error of the oscillator at the
setting of 1700 cycles. Readjust the os-
cillator slightly until the pattern stands
still, when the frequency will be 1700
cycles in terms of the standard.:

It will be seen from the above that an
audio-frequency oscillator can be cal-
ibrated using “single-line”
only, at every 100 cycles (from a 100-
cycle standard) up to the highest
frequency . at the successive
waves on the pattern can still be dis-

pat terns

which

tinguished.

If the oscillator is set to an odd mul-
tiple of one-half the standard frequency,
a “two-line” pattern, illustrated in the
third part of Figure 5, is obtained.
Using ““one-" and “two-line” patterns,
the oscillator can be calibrated at every

50 cycles up to a limit determined by
the ability of the observer to distinguish
the pattern.

In a similar manner, “‘three-line”” pat-
terns are obtained when the oscillator is
set at one-third and two-thirds of the
way between successive 100-cycle points;
“four-line”” patterns when set at one-
quarter and three-quarters, etc.

The important feature of this method
is that the sequence of patterns repeats in
each 100-cycle interval, as illustrated in
Figure 6. Since the 100-cycle multiples
are readily identified, it becomes a simple
matter to calibrate an oscillator within 20
cycles of any desired audio frequency.

For purposes of illustration, reference
has been made throughout the above to
a standard frequency of 100 cycles,
which is a convenient value for use in
measurements up to a few thousand
cycles. If the standard frequency be
multiplied by 10, the patterns obtained
will be identical at frequencies ten times
higher than before, giving a useful range
up to the low radio frequencies.

The General Radio T'ypE 699 Com-
parison Oscilloscope has been designed
particularly for use with the Crass
C-21-iLD Primary Frequency Stand-
ard and Frequency Measuring Equip-
ment. Provision is made for permanent
shielded wiring to all necessary com-
ponents of the standard and measuring
equipment. By means of key switches,
the desired sources and method of com-
parison can be selected. One hundred-
cycle and one thousand-cycle filters and
phase shifters are provided for obtaining
circular sweeps at either frequency.

— J. K. Crarr

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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