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AEROVOX SERIES 1690

@ The brand new Aerovox Series 1690 molded-in-bakelite mica capacitor
is intended specifically for circuits where inductance must be kept at a

minimum. It is designed for least possible residual inductance, low r{.
losses and lower rI. resistance and impedance. What's more, it provides
increased KVA ratings for given capacitor sizes. ,

Such units can be advantageously applied as blocking capacitors in trans-
mission lines; as tank capacitors for high-frequency oscillators; as by-pass
capacitors for ultra-high-frequency currents; and as coupling or by-pass capac-
itors in induction-heating circuits.

Exceptional compactness for given KVA ratings; exceptionally-low-loss oper-
ation; abilify to withstand constant duty and heavy overloads—for these and
other reasons this latest: Aérovox development marks a new performance
standard for severe:gervice capacitors.

® Rounded hardware— ®© Body of XM or yellow

round nuts fightened by =~ low-oss bakelite molded
spanner wrench supplied:  about mica section for thor-
round washers; spherical  ough sealing and extreme
lock nuts. Elimination of  ruggedness.

sharp edges and corners

that might cause corona e Mica section of carefully
0ss. selected mica and foil. De-
signed for straight-line path
for ultra-high-frequency
currents,

@ Several times the size of
the well-known Series 1650
bakelite-molded fransmit-
fing capacitors. Dimensions:
2% w. x 24" d. x 1%" h.,
d 43" overall between.
rounded terminal tips.

® Fine threads for oz
studs, insuring ma
Contact and misimun resiats
ance.

@ Available in ratings up fo
20,000 volts D.C. Test, or
10,000 volts operating. Ca-
pacitance values up fo .001

@ Silver plating for all con-

@ Interested? Write for detailed information. Meanwhile, sub- ducting members, minimiz. mid. at the highest voltage
mit that capacitor problem for our engineering collaboration. ingfskinizesisiance

rating.
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Methods of Measuring Small Voltages

By the E

Since the publication of our paper
Methods of Measuring High Voltages
(Aerovox Research Worker, January-
February 1945), we have received a
sufficient number of requests for a
resumé of accepted methods of meas-
uring small voltages to justify a spec-
ial paper on that subject. As a se-
quel to the article on high-voltage
measurements, we devote the follow-
ing pages to a discussion of the instru-
ments employed to make these so-
called “millivolt measurements.”

While, with certain_ exceptions, the
instruments and methods employed
for the measurement of small d. c.
voltages resemble in most part those
employed for checking small a. c.
voltages, the two differ sufficiently in
close respects to warrant separate dis-
cussions.

Since a large number of experi-
menters will prefer to use particular
apparatus already in their possession
or low voltage measurements, this
article will attempt to cover most of
the commonly used, as well as special
equipment.

INSTRUMENTS FOR D. C.
MEASUREMENTS

d’Arsonval Meters. Rugged, mov-
able-coil meters which may be used

for small d. c. voltage measurements
are available either as d. c. millivolt-
meters or d. c. microammeters. The
latter type is basically a millivolt-
meter, although it is provided with a
scale ‘graduated in current units.

In the group of meters obtainable in
laboratory-table and panel-mounting
styles, the most sensitive movement
gives a_1 millivolt fullscale deflec-
tion. This movement has a resist-
ance of 5 ohms and draws 200 micro-
amperes at full scale.

Accuracy of indication in the port-
able meter is 1%, although 2% of
full scale is common for the panel-
mounting_instruments used in radio
testing. The scales are divided into
50 divisions, each equal to 0.01 mv
or 10 yv. The smallest accurately-
read deflection is one-half of a divis-
ion, which is equal to 5 microvolts.

More common than_the 0-1 d. c.
millivoltmeter is the 0-5 microampere
d. c. microammeter. The movement
of the latter has a d. c. resistance
of approximately 4000 ohms, which
indicates that the meter basically is
a 0-20 millivolt d. c. millivoltmeter.
This instrument has the advantage
that it presents a high resistance to
the low-voltage source, resulting in
reduced loading effects.

ngineering Department, Aerovox Corporation

The original 0-5-microampere scale
may be re-marked to indicate 0-20
mv, or a new scale of the same dimen-
sions may be drawn. Each of the
fifty scale divisions will be equal to
0.2 mv (200 yv), the smallest accur-
ately-read deflection (% scale divis-
ion) being equal to 0.1 mv (100 yv).
This is about the same sensitivity per
scale division that may be expected
of the small, portable laboratory gal-
vanometers commonly employed as
null detectors in d. c. Wheatstone
bridges.

Suspension-Type Meters.  Ultra-
sensitive laboratory microammeters
of the semi-suspended type are ob-
tainable with full-scale deflections as
low as 0.25 microampere, and may
be used for the measurement of smail
voltages. One well-known 0-0.25-ua
instrument has an internal resistance

12,000 chms. Corresponding full-
scale deflection in terms of voltage
thus is 3 mv. The smallest accur-
ately-read deflection of this meter
(V4 scale division) is equal to 12
microvolts.

Another model of the same type in-
strument is an ultra-sensitive d. c. mil-
livoltmeter having a full-scale deflec-
tion of 0.12 mv. The internal resist-
ance of this meter is 10 ohms. The
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smallest accurately-read deflection
(Y, scale division) is equal to 0.5
v,

‘The ultra-sensitive, semi-suspended
type of meter usually has an accuracy
of 2% of full scale. However, they
are said to exceed their guarantee to
the extent of showing 1% accuracy in
most portions of the scale.

S L vy G
ers.  Suspension-type laboratory gal-
of the I d-mi

P
type are obtainable with sensitivity
as good as 0.05 v per millimeter of
deflection (based upon 1 meter separ-
ation between the scale and galvan-
ometer mirror). A typical instru-
ment of this rating has a total internal
resistance (coil, suspension, and damp-
ing resistor) of 26 ohms, and its scale
has 500 one-millimeter divisions. Full-
scale deflection is 25 microvolts.

When_higher internal resistances
are required, a selection may be made
from other galvanometers of the full
suspension type having total internal
resistances of the order of 10
ohms. One 10,500-ohm instrument
gives a deflection of 5.25 wv/mm for
a scale-mirror separation of 1 meter.

Because of the relative fragility of
the suspension-type of galvanometer,
particularly as regards their suspen-
sions, and their extreme susceptibility
to the damaging effect of transients,
this instrument may be employed
safely for the measurement of small
voltages only in circuits protected
from damaging surges and accidental
overload.

Coblentz Galvanometer. While this
instrument is of the lamp-and-mirror
type, it differs from the moving-coil
type of galvanometer in that it is of
the astatic variety, consisting of a
moving magnet in iron-encased coils.

‘The Coblentz galvanometer is more
sensmve than moving-coil instru-
one commercial type having a
= ity of 0.002 yv per mm scale
division, for a scale-to-mirror separa-
tion of 1 meter, and an internal re-
sistance of 2% ohm:

3500

10,000

+
—T— 0 O
300 V.

all resistances in ohms
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Figure 1

D. C. Amplifier. When necessity or
choice dictates use of a more rugged,
high-range voltmeter for measurement
of small d. c. voltages, a suitable d. c.
amplifier must be int be-
tween the meter and the voltage
source. An amplifier may be employ-
ed in this way to raise voltages of 1
mv or less to values high enough to ac-
tuate a standard d. c. voltmeter such
as is used for ordinary electrical test-
ing, or to deflect a d. c. milliammeter
connected into the plate circuit of the
last amplifier tul he amount of
amplification required will be govern-

by the magmtude of voltage to
be measured and the size of the meter
scale (full-scale deflection). One stage
will suffice in some cases, while in
others, a multi-stage amplifier will be
necessary. Required amplifier gain
may be determined simply by dividing
the desired voltmeter deflection by the
small _voltage value. values
must be in the same class of units,
i r both volts, millivolts, or micro-

ts.

A typical high

to say that a 1-mv potential (E ) ap-
plied to the grid-cathode INPUT ter-
minals will produce a plate current
shift (dI ) of 0.011 ma. If meter M
is a 0-100 microampere d. c. micro-
ammeter, a 9.9-mv input potential
will produce full-scale deflection.
‘The smallest accurately-read deflec-
tion (Y2 scale division) will corres-
pond to 0.198 mv (198 pv) if the
microammeter has 50 scale divisions.
The n:leal plate cnrrent change to be

seen equal to
(GMEg)/IODO where the plate cur-
rent change is in milliamperes, GM in
micromhos, and E- (the applied “un-
known” voltage) in volts.

With no unknown voltage applied
to the INPUT terminals, deflection
due to static plate current flow is bal-
anced out by adjusting rheostat R to
return the microammeter pointer to
zero. Instead of the bucking battery,
a bridge circuit may be worked out to
include the rheostat as one arm and
the plate-cathode resistance of the
tube as another arm.

single-stage amplifier with indicating
microammeter is shown m Figure 1
The 6AG7 pentode has nscon-
ductance (Gm) of 11000 whuch is

Figure 2

of smaller voltages
or use of a larger indicating meter
will require higher amplification. Fig-
ure 2 shows the basic arrangement of
a multi-stage d. c. amplifier usable
.for this purpose.

While batteries are shown here for
the sake of simplicity, the various tube
electrode potentials usually are ob-
tained from taps spaced properly along
a voltage divider resistor supplied by
a single d. c. power unit. Battery
B: supplies grid-cathode bias for tube

1; B, screen voltage for Vi; B and
Bs in series, plate voltage for Vi; By,
grid-cathode bias for tube Vg; anst

screen voltage for V2; and Bs and Bo
in series, plate voltage for V. Voltage
delivered by B opposes the voltage
drop across plate load resistor R2 re-

@

)

)
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an overall gain of 100-120 db, and the
reference meter a high-impedance v.
t. voltmeter connected across the am-
plifier output load resistor.

In operation, switch S is thrown to
the left to connect the source of un-
known voltage to the nmphﬁer input
terminals, and the amplifier gain con-
trol is adjusted for some convenient
steady deflection of the reference
meter (e. g, center scale). If the
unknown voltage is at radio frequency,
the signal must be tuned-in sharply
with the receiver, as indicated by peak
deflection of the reference meter. The
switch then is thrown to the right to
connect the test-voltage source to
the amplifier input terminals.  (If
measuring r. f, the receiver is not
retuned for the test signal, but is left
in its first adjustment and the test-
voltage source tuned, instead, for peak
deflection of the reference meter).
The test-voltage output control is ad-
justed for the standard attenuator
input voltage (usually 1 volt R. M.
S.), as indicated by the v. t. voltmeter.
The attenuntor t.hen is adjusted until
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the of meter
is the same as when actuated by the
unknown voltage. At this point, the
voltage reading of the attenuator indi-
cates the value of the unknown volt-
age.

‘This substitution method may be
employed for the measurement of
very small a. f. and r. f. voltages.
Standard attenuators operated at 1
volt input permit measurements be-
tween 1 microvolt and 0.1 volt.
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INSTRUMENTS FOR
A. C. MEASUREMENTS

d’Arsonval Meters. Ruggedly-con-
structed, sensitive, movable-coil
meters for measurement of small a.
¢, voltages are not available in the
high sensitivities associated with d.
c. instruments of the same type. These
meters in the panel and bench d’Ar-
wonval group commonly are d. c.
microammeter movements connected
in a bridge-type oxide rectifier cir-
cuit.

The lowest range generally sup-
plied is 0-100 a. c. microamperes,
with a scale length of 50 divisions.
(Internal resistance, 4000 ohms). In
terms of voltage, the full-scale deflec-
tion of this meter is 400 mv. The
smallest accurately-read deflection
(Y, scale division) is 4 mv.

Accuracy of the rectifier-type in-
strument is 49, of full scale on sinu-
soidal, or approximately sinusoidal
waveforms, and at normal room tem-
perature. The solid rectifier unit in-
troduces a frequency error which is
due mainly to its inherent shunting
capacitance. ‘This error causes the
instrument reading to decrease as the
frequency increases, and may amount
to as much as 0.59% per kilocycle up
to 20,000 cycles.

Semi-Suspended A .C. Meters. Lab-
oratory, thermal milliammeters of the
semi-suspended type are available
with full-scale deflections as low as
0.5 ma. This type of instrument gives
a typical voltage sensitivity of 3.75
mv per scale division, with an inter-
nal resistance of 750 ohms. Since
the thermal meter employs a thermo-
couple instead of an oxide rectifier,
it may be employed with negligible
error at higher frequencies than may
the rectifier-type a. ¢. microammeter.
At still higher frequencies (e. g.,
radio frequencies) scale corrections
may be made.

A. C. Galvanometers. Fully-sus-
pended a. c. galvanometers of the
lamp-and-mirror type are available
with a typical highest sensitivity of
2 pv/mm scale division for a scale-
to-mirror separation of 1 meter.

Pointer-type a. c¢. galvanometers
for laboratory bench use offer a best
accuracy of 100 uv/mm scale divis-
ion.

A. C. Amplifier-Type Voltmeters.
The comparative ease with which
high-gain a. c¢. amplifiers may be
built and operated simplify the task
of stepping up a tiny a. c. voltage to
a value high enough to actuate a
standard-range a. c. voltmeter,

For frequencies between 60 and
20,000 cycles, straight resistance-ca-

V.T. VOLTMETER

s
,
/

i
t
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TEST-VOLTAGE
SOURCE

ATTENUATOR

SOURCE OF
UNKNOWN
VOLTAGE

Lo
w

HIGH - GAIN
AMPLIFIER

REFERENCE METER

Figure 4

pacitance-coupled amplifier circuits
may be used, and the number of stages,
type of tubes, and operating voltages
may be chosen (with the aid of re-
sistance-coupled tube tables found in
the tube manuals) to supply the re-
quired gain. An audio amplifier
with 120 db overall gain (volt-
age gain of 1,000,000 to 1), for ex-
ample, will step 1 pv up to 1 v, a
value high enough to be read on a
standard voltmeter scale. In high-
gain instrument amplifiers, extraord-
inary care must be exercised to mini-
mize Hum and noise level, since the
extraneous voltages introduced by
these causes may easily equal the
value of the unknown potential under
measurement.

One commercially-available a. f.
vacuum-tube voltmeter consists of a
compact, power-line-operated high-
gain amplifier terminated by a fre-
quency-compensated oxide rectifier-
type a. c. voltmeter. Response of this
instrument is stated as flat from 10
cycles to 150 ke. Accuracy of the in-
strument is 29, of full scale. Lowest
indication is 20 microvolts.

For frequencies between 20 cycles
and 500 kc., flat operation may be ob-
tained in an untuned amplifier - by
employing a standard video amplifier
circuit. (See Aerovox Research Work-
er, November 1939 for video ampli-
fier design instructions). The upper
frequency limit may be extended in
these amplifiers to 4 Mec. by careful
design. However, a plus or minus
1 db variation in gain may be ex-
pected between 500 kc. and 4 Mec.
in even the best video amplifier.
Since it is necessary to operate video
amplifier stages at reduced values of
plate load resistance, a large num-
ber of stages may be required for
a given overall gain. In order to
cover the wide band of frequencies
passed by the amplifier, the terminal
instrument of the video amplifier volt-
meter must be a v. t. voltmeter with
high input impedance.
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Tunable-Amplifier Voltmeters. For
general low-voltage measurements
throughout the radio-frequency spec-
trum, it is desirable to employ a
tuned-r. f. amplifier. This unit will
have no detector, but will be termin-
ated by a low-range v. t. voltmeter
with high input impedance. This is
the arrangement used in the so-called
channel analyzers employed in radio
trouble shooting.

The tuned-r. f. amplifier type of
voltmeter has the disadvantage that
its gain is not constant for all fre-
quencies in its tuning range. As a
result, it becomes necessary to plot
and keep a reliable curve showing
gain levels at all frequencies, or to
make a chart of gain-control settings
which will maintain the overall gain
at some fixed value.

Signal Comparison. A small a. c.
voltage of unknown value may be
compared with a known voltage of
the same frequency and its value de-
termined by means of a calibrated at-
tenuator arranged in a setup of the
type shown in block diagram in Fig-
ure 4.

The source of unknown voltage is
connected to the s. p. d. t. switch, S,
together with the test-voltage source
and its attenuator, so that either
source may be connected at will to
the input terminals of the high-gain
amplifier. Both voltage sources must
have the same frequency. If the volt-
ages are of radio frequency, the test-
voltage source will be a standard radio
signal generator, the high-gain am-
plifier an all-wave superheterodyne
radio receiver (operated without auto-
matic volume control or a beat-fre-
quency oscillator), and the reference
meter an “intensity meter” operated
by the d. ¢. component of signal volt-
age in the second detector circuit.
If the voltages are of audio frequency,
the test-voltage source will be a var-
iable-frequency audio oscillator, the
high-gain amplifier, a resistance-capac-
itance-coupled audio channel having

./
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sulting from the steady flow of static
plate current in Vi, and thereby pre-
vents the control grid of tube V2 from
being excited constantly by this poten-
tial.

When a small d. c. voltage is ap-
plied to the input terminals of the
multi-stage amplifier, an increase in
the plate current of tube Vi results,
if the positive terminal of the un-
known voltage source is connected
to the grid of Vi. This increased
plate current flowing through R2 pro-
duces a voltage drop which is applied
to the control grid of V2 with the
proper polarity to cause a plate cur-
rent increase in the latter tube. This
increased current flowing in plate load
resistor R3 produces a voltage drop
which may be read by means of a
d. c. voltmeter, VM, or the plate cur-
rent increment itself may be read by
means of a d. c¢. milliammeter, MA.
In order to prevent deflection of
either meter by the steady static plate
current of Vg, a bucking battery must
be included (as in Figure 1) in series
with the voltmeter or in parallel with
the milliammeter. The milliammeter
scale, like that of the voltmeter, may
be graduated in millivolts correspond-
ing to the input potential range.

_If the tubes and load resistors have
the same specifications as those shown
in Figure 1 (i. e.; Gp; 11,000 and Ry,
3500), the following ideal quantita-
tive conditions might result: Appli-
cation of a l-mv d. c. potential to
the input terminals results in a 0.011-
ma plate current increase in Vi. This
increment produces a voltage drop of
38.5 mv across the load resistor Re,
which is applied to the control grid of
Va. Application of this voltage pro-
duces a plate current increase of
0.423 ma in V2, and a corresponding
voltage drop of 1.48 v. across load re-
sistor R3. This last plate current in-
crement may be made to actuate a

milliammeter, MA, the scale of which
is graduated in millivolts correspond-
ing to the input potential range, or
the incremental voltage drop across
Rs may be made to deflect a d. c.
voltmeter, VM, the scale of which is
graduated in a like manner.

It is not to be expected that the
actual operation of the multi-stage
d. c. amplifier is as simple as the
foregoing discussion might indicate.
This is especially true if a large num-
ber of tubes is employed. Small
shifts in supply voltages, tube tem-
perature, tube and component charac-
teristics, and similar causes act singly
or in combination to shift both the
zero setting of the meter and voltage
deflections.

Through the application of negative
feedback, d. c. amplifier voltmeters
have been made quite stable and sen-
sitive. For example, one 3-stage cir-
cuit has been designed (Brumbaugh
and Vance of R. C. A.)) which gives
a l-milliampere deflection for 0.00022
microampere input. Another 2-tube
microvoltmeter designed for the Yale
University School of Medicine by
Sloane Physics Laboratory of Yale
permits measurements of d. c. poten-
tials down to 5 yv and is used in
studies of potentials in living or-
ganisms.

Potentiometer. By means of a lab-
oratory potentiometer, a small voltage
may be compared with a somewhat
larger standard voltage, and its value
determined with precision.

The basic arrangement of the po-
tentiometer circuit is shown in Figure
3. Ri is shown here as a single re-
sistor, but in practical instruments it
may consist of several resistance de-
cades plus a close-reading slide-wire
resistor, all connected in series. A
battery is arranged to establish a cur-
rent flow through Rji, the strength of
this current being controlled by means
of the rheostat, Rs. A variable con-
tact on R1 connects with a sensitive
d. c. galvanometer and a single-pole,
double-throw switch, S, which per-
mits either a standard cell or the UN-
KNOWN VOLTAGE terminals to be
connected in the circuit. Note that
the standard cell (or the UNKNOWN
VOLTAGE terminals) and the bat-
tery are connected in the circuit in op-
posing polarity.

Operation of the potentiometer is
explained as follows: Re may be set
for any arbitrary value of current
flow from the battery through Ri
in which it produces a voltage drop.
Switch S then may be thrown to the
standard cell position; and since the
cell and battery are in opposing polar-
ity, the slider on Ri1 may be set at
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a point where the opposing voltages
reduce the galvanometer deflection
to zero. At this point, the voltage drop
e1 along ra (that portion of Ri be-
tween the positive terminal of the
battery and the sliding contact) will
be equal to the voltage of the stand-
ard cell (generally 1.01830 v.).

Switch S then may be thrown to
the upper position, connecting the
voltage source of unknown value in
the circuit in place of the standard
cell. And the slider then may be
moved to a new point along R: to
reduce the galvanometer deflection
again to zero. At this second null,
the unknown voltage will oppose ex-
actly the voltage drop e2 along rp
(the new portion of Ri between the
positive terminal of the battery and
the sliding contact). The unknown
voltage (E ) may be determined by
means of the equation:

M Esm

X
Ta

Where
Es ond Ex are n valts,

ond

'o and ry, ore in ohms

A simpler method which enables
the unknown voltage value to be read
from the direct-reading resistance
dials of Ri consists of the following
procedure: The resistance r, is es-
tablished at some convenient multiple,
numerically, of the standard cell volt-
age, by pre-setting the slider. For
example; r, may be made 1018.3
ohms for a standard cell voltage of
1.01830 v. R: then is set for zero
deflection of the galvanometer, this
null indicating that the voltage drop
e1 is 1.01830 v. Each ohm of resist-
ance along Ri then will be equal to
0.001 v. or 1 mv. When the unknown
voltage subsequently is switched-in
in place of the standard cell and the
second null adjustment is made, the
reading of R1 (as set) in ohms will
indicate the unknown voltage value
in millivolts. Similarly; if r, is made
1 megohm, each ohm along R1 will in-
dicate 1 microvolt.

Commercially available laboratory
potentiometers are of rugged con-
struction for the high sensitivity that
they possess. These instruments are
available in several types. The Wen-
ner potentiometer (Leeds & North-
rup) has been designed expressly for
the highly precise measurement of
low voltages, especially thermocouple
potentials. In this instrument, the
fine control dial is graduated in steps
of 0.1 microvolt on the low range for
measurements between 0 and O.-
0111110 v. within a limit of error of
plus or minus (0.01%- 0.1 uv).




