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AUTHOR’S FOREWORD

developed into one of the most valuable aids to the eclectronic

research worker. Originally used to measure high-frequency volt-
ages in connection with laboratory operations, it now has developed into
an extremely valuable r-f, a-f and d-¢ voltage measuring deviee for the
engineer and the maintenance man and for indicating purposes in com-
plete communicating systems.

This book on the Vacuum-Tube Voltmeter is intended as o practical
exposition of the numerous types of such meuasuring devices, with the
direct intention of providing a source of information for the engincer,
student and serviceman, so that if he desires to compare different: types,
establish their principles of operation or construct them, all the facis
are available from one source.

As is evident, a general understanding of the basic operation of the
diode and triode types of tubes is taken for granted, although a brief
review of each is furnished. This attitude is taken on the grounds that
the man who works with vaicuum-tube voltmeters is at least familiar
with the vacuum tube. The beginner who is first learning clementary
facts about radio theory, has no need for data on vacuum-iube volt-
meters. At the same time, the use of equations relating to vacuum-tube
voltmeter operation, such as are usually expeeted by the engineer, are
also omitted because of the practical laboratory work that was done
during the preparation of this text. The engincer who is interested in
one certain type of vacuum-tube voltmeter, will find that type not only
described, but presented in completed form with full constants for all of
the components. Furthermore, since this is a practical book, rather
than a theoretical hook, there is no partieular need for formulae.

As shown by the references and the hibliography, the text is a sym-
posium of all the work which has been done in many countries upon
vacuum-tube voltmeters. At the same time, however, original work also
has been done, as attested by facts contained in this volume which arc
not available any place else.

In connection with the original Iahoratory work, we wish to express
our gratitude to J. Avins who has done much research work upon

vii

THE Vacuum-Tube Voltmeter, since its inception in 1805, has
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vacuum-tube voltmeters, who has several valuable vacuum-tube volt-
meter patents to his credit and under whose supervision the various
finished units described in this volume were built. He was also greatly
ingtrumental in the gathering of the numerous references contained in
this book. '

February, 1941.

JorN F. RiDER.
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Chapter I

FUNDAMENTALS OF VACUUM-TUBE
VOLTMETERS

HE vacuum-tube voltmeter was born of necessity. During the

many years which saw the development of radio and electronics,

innumerable measurements were required many of which could
not be made with conventional meters of the moving-coil, moving-iron,
thermocouple, or metallic rectifier types. Among these measurements
were audio-frequency and radio-frequency voltages extending to well
above 100 megacycles, gain measurements in radio receivers, modula-~
tion percentage, the “Q” of coils and condensers, inductance and capaci-
tance, power output, transformer turn ratios, peak voltages, and a host
of other measurements. To enable these measurements to be made,
a radically different type of voltmeter was required. This problem
was met by combining the d-¢ moving-coil meter with a vacuum-tube
circuit, and it was this combination which became known as the
vacuum-tube voltmeter.

As far back as 1895 when the diode was invented by Fleming, the
diode was used as a rectifier to make possible the measurement of high-
frequency voltages. Thus was born the first v-t voltmeter. With the
invention of the triode by de Forest in 1907, engineers were quick to
realize the improvement which could be made by using it in v-t volt-
meters. Since that time both diodes and triodes have been widely used
in v-t voltmeters.

Although the modern v-t voltmeter is basically similar to its early
forerunner, a great many improvements have been made in both the
tubes and the circuits which are employed. One of the more recent
and important tube developments is the miniature acorn tube. Be-
cause of its small size and low losses, the acorn tube makes possible im-
proved v-t voltmeter performance at high radio frequencies. Two
types of acorn tubes which are widely used in v-t voltmeters are shown
in Fig. 1-1. The RCA type 954 is an r-f pentode, while the RCA type
955 is a triode which is often used as a diode by connecting the grid and
plate together.

Developments in the d-¢ meters which are used as indicators in v-t
voltmeters have not been so great as those in the tubes, because the

I



2 VACUUM TUBE VOLTMETERS

meters were already developed to a high degree when the vacuum tube
was invented. For the most part, improvements in meters have been
limited to providing more sensitive and rugged movements at a lower
cost. To an appreciable degree, however, the remarkable performance

bome . FEE G e e —————

" Courtesy RCA Mfg. Co., Inec.

Fig. 1-1. Two types of acorn tubes which have iImproved v-t voltmeter per-
formance at high frequencies. Compare their size with that of the golf ball.

of the modern v-t voltmeter must be attributed to the highly perfected
meter which forms the indicating element of the combination. A repre-
sentative d-¢ microammeter of the type used in v-t voltmeters is shown
in Fig. 1-2.

Advantages of the V-T Voltmeter

Since the vacuum-tube voltmeter was conceived to perform functions
which were beyond the capabilities of other forms of measuring devices,
it stands to reason that it must possess numerous advantages. These
are many, but the one of prime importance and of greatest value to all
those who have occasion to make voltage measurements under varying
conditions, is that the vacuum-tube voltmeter draws a negligible amount
of current from the circuit under test. . In other words, it does not
disturb or load the circuit under test to any appreciable extent. This
is of especially great importance in radio circuits because so often the
amount of power available in the circuit under test is measured in
microwatts. Since a conventional meter draws thousands of times the
total available power, it is clear that it cannot be used to make measure-
ments in such cireuits.

With the v-t voltmeter, however, this limitation is largely overcome
because the voltage under measurement is applied to the grid of a
vacuum tube, rather than directly to a meter. Since the grid of the
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vacuum tube used in the measuring device draws no current during
normal operation of a v-t voltmeter, it follows that no current is drawn
from the voltage source being measured.

High Sensitivity—The v-t voltmeter provides a greater semsitivity
than a meter, because the v-t voltmeter combines the amplification
provided by the tube with the inherent sensitivity of the meter. Thus
in Fig. 1-3a, which is a schematic of a simple v-t voltmeter, & small
change in grid voltage—without the flow of grid current—is capable of
changing the plate current by a considerable amount. If a sensitive
meter is used to measure this change in plate current, it is clear that the
v-t voltmeter by utilizing the amplification of the tube, is capable of
measuring much smaller voltages than could he obtained if the meter
were coupled directly to the circuit being measured.

Fig. 1-2. A phantom
view of a commercial
permanent-magnet,
moving coil metoer. The
positions of the ceoil,
core and pole Dpieces
are cleuarly shown.

Courlosy of
Weston Eleelrical -
Lagiriment Company i

_ Greater Ruggedness—For o given measurement, the meter required
in eonjunction with a v-t voltmeter can be mueh less sensitive than a
meter which could he employed direetly. Beeause of this, meters which
are used in v-t voltmeters are more rugged, and so are hetier able to
withstand acecidental overload than conventional meters of the same
sensitivity. In addition to permitting the use of a less sensitive meter,
v-t voltmeter circuits are usually designed so that acditional proteetion
is afforded the meter. These refincinents will he diseussed in detail
later, but for the present it iy sufficient to note that the current through
the meter can never rise above the maximum plate current of the
vacuum tube with which it is associated, no matter how large an input
voltage is applied to the grid.

Wider Frequency Range—An extremely important advantage of the
v-t voltmeter over conventional meters is the fact that it makes pos-
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sible measurements of a-¢ voltages over an extremely wide frequency
range. Special v-t voltmeters have been developed which permit
measurements to be made at frequencies of the order of several thou-
sand megacyeles, but even the well-designed commercial v-t voltmeter
can measure up to 100 megacycles. Because of the increasing importance
of the ultra-high frequencies in many branches of the electronic art,
this is an important advantage of this type of instrument. As new tubes
are developed and higher frequencies are exploited, there is every reason
to believe that these same tubes and circuits will be employed in v-t
voltmeters to enable measurements at these higher frequencies.

Use of Ordinary Meters—Although the v-t voltmeter can be used
with equal facility for all measurements, whether in high- or low-im-
pedance circuits, the conventional meter still retains advantages when
d-¢ or low-frequency (power)' measurements are to be made in low-

impedance circuits. These advantages are greater portability and (usu-

ally) greater accuracy, because of the fewer variables involved in using
a single meter as against using a meter which is combined with a vacuum
tube, power supply, and other components. In high-impedance cir-
cuits, however, the v-t voltmeter is unquestionably superior to the
conventional meter.

A Simple D-C V-T Voltmeter

The basic operation of a vacuum-tube voltmeter is comparatively
simple. The instrument in elementary form is a combination of a
vacuum tube, the required operating voltages, and a plate-current meter
- used as an indicator. Two types of tubes are used in v-t voltmeters:
the triode, as the basic type of multiple-element tubes, and the diode.
In view of the fact that the latter is discussed later in a separate chapter,
we shall at this time consider the preliminaries of just the triode type.

The essence of operation of the triode type of v-t wvoltmeter lies
within the amplifying property of the tube. This is so even when the
tube is used as a triode rectifier or detector, rather than as an amplifier.
As a result of this amplifying property, a small voltage applied between
the control grid and the cathode or filament, whichever type of electron
emitter is used, results in a large variation of the plate current. In
Fig. 1-3a is shown the circuit of an elementary type of triode v-t volt-
. meter, which is in many respects similar to the more elaborate instru-
ments described later. A d-c¢ milliammeter is located in the plate circuit,
between the plate battery and the plate to indicate the plate current.
The unknown voltage to be measured is applied to the input of the
tube between the grid and the grid bias terminal.

Suppose now that the bias voltage is adjusted so that, with no voltage
applied to the input, the plate current is reduced to zero. Then if a
positive voltage is applied to the input terminals it offsets all or part
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of the negative bias and the plate current will increase from zero. The
greater the positive voltage, the greater will be the increase in the plate
current. As shown in Fig. 1-3b, the plate current increase is almost
proportional to the voltage applied to the input terminals so that the
plate current can be taken as a measure of the voltage applied to the
grid.

In practice, the milliammeter scale is marked in terms of the input
voltage (E,) which must be applied to the grid to cause a given plate
current to flow. Thus when E, = 2 volts the plate current I, = 4.0 ma.
This interpretation of the plate current in terms of the corresponding
grid voltage is called calibration of the instrument. The meter seale
shown in Fig. 1-3¢ has the original milliampere scale, while the appear-
ance of the scale on the same meter after it has been calibrated for use
in this simple v-t voltmeter is shown at Fig. 1-3d. It is customary to
omit the plate current designations since these are not of interest to
the user of the v-t voltmeter.

SIMPLE D-C PLATE
(0} VACUUM_ TUBE VOLTMETER (b ) 10 CURRENT

TUBE

CHARACTERISTIC T8 == Tpug

p-¢
MILLIAMMETER o e e e == Tpea
UNKNOW =
VOLTAGE [0-10MA] :
Ex i 12
] |
I UL 4 f + $ + + == Ipzo
VOLTS - - -2 ]
s voLTS 90 VOLTS ¢ ! GRID ' VOLTAGE L
Ex=0 Ex =2 Ex=4¢
PLATE

MILLIAMMETER

0=~I10MA D-C
MILLIAMMETER
CALIBRATED TO
READ 0-5 D=~C
VOLTS IN
V-T VOLTMETER

Fig. 1-3. Tho schematic and operation of a simple d-c¢ v-t voltmeter. The
appearance of the milllammeter scale before and after calibration llustrates
the manner in which the plate-current reading is interpreted in terms of
the unknown voltage applied to the grid,

The applieation of such a simple v-t voltmeter to the measurement of
dircet voltages is immediately clear. To measure any positive d-c volt-
nge between 0 and 5 volts, it is only necessary to connect this voltage
to the input terminals of the v-t voltmeter and the value of the unknown
voltage can be read on the meter scale.
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Needless to say the v-t voltmeter which we have just described is a
very simple voltmeter indeed, but because of its simplicity its usefulness
is greatly limited. Thus such a v-t voltmeter can be used only for the
measurement of d-¢ voltages over a limited range. To overcome this
limitation, however, circuits have been developed which permit the
measurement of all d-¢ voltages, regardless of polarity, and all a-c
voltages over a wide range of frequencies. These v-t voltmeters will be
deseribed in detail later.

A Simple A-C V-T Voltmeter

We have previously described the basic manner in which a vacuum
tube and d-c milliammeter are arranged to measure d-c voltages. We
shall now describe how a similar simple set-up is arranged for the
measurement of a-c voltages, in which classification we inelude of course
all alternating voltages, so that the simple v-t voltmeter to be deseribed
can be used for measuring 25-cycle, 60-cycle, audio-frequency, and
radio-frequency voltages.

The schematic is shown in Fig. 1-4a. You will observe that this
circuit is essentially the same as that shown in Fig. 1-3a ; however the
manner in which the circuit operates for the measurement of a-¢ voltages
is different than for d-¢ voltages.

As Fig. 1-4b shows, the tube is initially biased to cutoff so that no
plate current flows when there is no a-c voltage applied to the grid.
When an input a-c voltage is applied, however, the grid will be swung
alternately positive and negative. On the negative grid swings, which
make the grid more negative, there can be no further decrease in the
plate current because the tube is already biased to cutoff. On the posi-
tive grid swings, however, the bias is offset and the plate current will
follow the grid voltage so that there will be a pulse of plate current
which is similar in shape to the positive half of the input a-¢ voltage
applied to the grid.

As a result of this action, the current flowing through the plate
milliammeter will consist of a series of pulses. But the plate current
meter cannot follow these pulses—unless they are very slow—perhaps 1
cycle per second. At all frequencies above a few cycles per second,
which means all audio, commereial a.c., and high frequencies, the meter
indicates the average value of the plate current that fows through it.
The dotted line in Fig. 1-4b shows that the average plate current is 3.2
milliamperes, or 32% of the peak plate current.

As in the case of the d-¢ vacuum-tube voltmeter which we previously
described, it is possible to calibrate the scale of the d-c plate milliam-
meter used in the a-¢ v-t voltmeter in terms of the a-¢ voltage applied
to the grid. 'When no voltage is applied, the plate meter will read zero
and so this point on the scale can be marked zero volts. As the a-c
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voltage is increased from zero, the plate eurrent will increase, and the
meter reading will increase in proportion to the magnitude of the applied
a-c¢ voltage. In this way each point on the scale can be assigned that
value of input a-¢ voltage which is required to produce the particular
(Q) :mm.z A-C

(b)
PLATE
METER TUBE MA cURRENT

PLATE
CURRENT

UNKNOWN ETER

VOLTAGE L0-3.2MA7 U —__  AVERAGE
i T
BIAS V | . .
. Il volTs =& | —4 -2 LI o MILLISMMETER
5voLTs 90 voLTs | GRID VOLTAGE READS
AVERAGE
CURRENT

1 CYCLE PLATE CURRENT

OF UNKNOWN E ggzgs':t?l EDLII-ITES
VOLTAGE
OF GYCLE

0=3.2 MA

D-C MILLIAMMETER
CALIBRATED TO
READ O0~-S A~C VOLTS
IN V=T VOLTMETER

Fig. 1-4. In this simple v-t voltmeter for the measurement of a-c voltages
the grid is biased to cutoff. Thus only the positive halves of the Input volt-
age cause a flow of plate current through the d-c milliammeter which is
calibrated to read a-c volts,

value of d-c current through the meter for that scale reading. A typical
calibration for an a-¢ vacuum-tube voltmeter of the type we have been
deseribing is shown in Fig. 1-4c.

Importance of Waveform—DPeak, RMS, and Average Values

One of the significant details associated with vacuum-tube voltmeters,
belonging in this discussion of fundamentals, is that relating to wave-
form. Thus v-t voltmeters are often referred to as being of the peak
type, as being calibrated to read rms values, as having a response pro-
' portional to the average value of the input voltage, ete. All of these
comments are related to the waveform of the voltage being measured
and to the response of the v-t voltmeter used for the measurement.

D-C Voltage Wave—The simplest type of waveform is that of a
direct voltage such as is shown in Fig. 1-5a. It is a straight line. Here
there is no possibility of confusing the peak, rms, and average values
because all are equal.

Sine Voltage Wave—When we refer to an a-¢ voltage, it is usually
understood that the waveform of that voltage is similar to the smooth
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sine wave shown in Fig. 1-5b. When an a-c wave has this sine shape,
it is said to be pure or undistorted, and is entirely free of harmonies.
The voltage wave which is supplied by the power companies usually
has a waveform which is very nearly a sine wave.

A-C VOLTAGE
(CI) (smz voLTAcz) (b)
voLTS bec voLTAGE vOLTS
—2-E VOLTAGE +100
PEAK S————g 7=~ R_MT
100V, AVERAGE o
'+100 ¥ o 6348 V. -
i
100 VOLTS 0-C TIME —
0
TIME ———— oot !
F———l cveLg —————3)

Fig. 1-6. The simplest waveform, direct current, is a straight line; the fun-

damental a-c waveform Is a sine wave. Note the designations of the peak,
average and rms values.

However not all waves have a sine waveform. Whenever a wave is
not pure sine in shape, the change in waveform is due to the presence
of harmonic frequencies. Thus the “complex” waves shown in Figs.
1-6, 1-7, and 1-8 are made up of a fundamental frequency plus a number
of harmonic frequencies. In general the more the waveform departs

DISTORTED WAVE

_VOLTS

+100 T g = - ———
POS. PEAK Fig. 1-6. An unsymmetrical
100 V. complex wave which is dis-
o J torted because its positive

K] and negative peaks are un-
NESs .LCFAK \’__/ equal,

~100 T

from a sine wave, the greater are the number and amplitude of the
harmonics present.

Peak Value—In describing the waveform of various types of voltages
and currents being measured, it is often necessary to refer to the peak
value of the wave. As the name implies, the peak value is the highest
voltage which the wave reaches. For the sine wave shown in Fig. 1-5b,
the peak value is clearly equal to 100 volts. The peak values of the
complex waves shown in subsequent figures are indicated in each draw-
ing. Note that regardless of the complexity of the waveform, the peak
value is in all cases the highest value reached by the voltage.

For some distorted (complex) waves, the positive peak value is dif-
ferent from the negative peak value. This occurs when the wave is not
symmetrical and in such cases it is necessary to refer to the negative-
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peak voltage as well as the positive-peak voltage. An example of such
a wave is shown in Fig. 1-6. Recognition of this condition is important
in v-t voltmeter measurements because of the difference in measured
values under different conditions.

VOLTS TRIANGULAR WAVE VoLTS SQUARE WAVE
+100T +100 -
PEAK === ""F PEAK
'°‘i"' AV. --:sov. RMS 57.6. Av?éisg =1oovotrs
° 0
TIME ——> : TIME i
|
—100T ! ~100 +
| l
[¢—————————{ CYCLE i f4—————————— | CYCLE |
VOLTS B IN
+100 —-‘- T -

Figs. 1-17, left, 1-8, above; Fig. 1-9, PEAK
right. Three representative types 100 V.

of complex waves., Although the +01 L~

peak value is the same, the average . T l

and rms values are differont for AL I P
each of these wvoltage waves. o §f i 14,3V AV.

. ’ l
|2 CY CLES e}

Average Value—Another term used in connection with a-¢ voltages
and currents is the average value. Just as the name implies, the average
value of an a-c¢ voltage is equal to the value obtained by averaging the
instantaneous values of voltage. When this averaging process is carried
out for a sine wave, it turns out that the average value of the wave is
equal to 63.6% of the peak value. As shown in Fig. 1-5b, the average
value of a sine wave of voltage having a peak value of 100 volts, is
63.6 volts.

The average value is not always equal to 63.6% of the peak value.
It all depends upon the waveform. For a sine wave it is 63.69,. For
a triangular wave like that in Fig. 1-7, it is 509. For a square-top
wave like that shown in Fig. 1-8 it is 1009. For the special type of
wave which represents the synchronizing pulse in a television system
and shown in Fig. 1-9, the average value is only 14.3% of the peak. The
reason for this low average value is that the peak wvalue of the wave
lasts for only a small fraction of the eycle. During the remainder of the
cyele the voltage is zero, so that the average value is brought down to
a figure very much lower than the peak. In the case of rectified waves,
the average value of a half-wave rectified pulse is 31.89% of the peak,
as shown in Fig. 1-10, and is 63.6% of the peak in a full-wave rectifica-
tion system, as shown in Fig. 1-11.
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Among other reasons, the average value of an a-c wave is important
because the reading of a d-c meter is proportional to the average value
of the current or voltage. Thus in explaining the operation of the sim-
ple a-¢ v-t voltmeter shown in Fig. 1-4, we mentioned that the d-c
meter responded to the average value of the current wave in the plate
circuit. Another example where the average value is important is in
the reading of a milliammeter which measures the plate current of a
class A amplifier tube. With a signal applied, the plate current of such
a tube is similar to that of the pulsating wave shown in Fig. 1-12, The

PULSATING WAVE
voLTs (HALF WAVE nsc'nm:n).

N |

PEAK
{00 V.

l

+100 T

+50 +

L 2 cycLes! —t
PULSATING WA!E
4 (Fuu.-wms RECTIFIER)
voUu

+100 + Figs. 1-10, above; 1-11,
left. The average and rms
————————— values of the output of a
—— T full-wave - rectifier are
+50 1 PEAK .f aus twice as great as those of
foov. AV 70.7v. & half-wave rectifier,
63.6V- when the peak values are

ecqual.

°o | :
1 |
e 2 CYCLE S i

reading of the d-c meter is the average value of this wave; if the wave-
form is undistorted, the reading will not change when the signal is re-
moved because the average value of the wave is the same as the steady
value of plate current.

Primarily we are interested in average values in this book because
the indication of v-t voltmeters often depends upon the average value.
For example, the v-t voltmeter described in connection with Fig. 1-4
is an “average-reading” v-t voltmeter. The reading of this milliam-
meter depends upon the average value of only the positive halves of
the cycle. No current flows during the negative halves of the cycle, so
that the reading of the meter is not influenced by the waveform of the
negative half cycles. In this connection, if the tube were not biased to
cutoff, the current flowing through the meter would be influenced by

both the positive and negative halves of the cycle.
RMS Value—The rms or root-mean-square value is more often used
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in connection with a-c voltages and currents than either the average or
peak values. Usually when we refer to a line voltage as being 117 volts,
or a heater voltage as being 6.3 volts, it is the rms value which is de-
signated. The rms value, often called the effective value, is a measure
of the power in the current or voltage wave. It thus involves the aver-
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Fig. 1-12. The peak, rms, average, and irough voltages of
a2 typical pulsating wave such as 1s found in the plate
circuit of an amplifier tube. Note that the average value
is equal to the d-c component of the wave.

age of the squares of all of the instantaneous values, for the same reason
that the heating effect of a current is proportional to the square of the
current. -

In the case of a sine wave, the rms value turns out to be equal to
70.7% of the peak value of the wave, as is indicated in Fig. 1-5b.
As in the case of the average value, the rms wvalue is a different per-
centage of the peak value for different complex waves. An examination
of Figs. 1-7, 1-8, and 1-9 will show how the rms value varies for different
typical waveforms; these waveforms range from a triangular-shaped
wave to the series of pulses used for synchronizing sweep circuits.

V-T Voltmeters Respond to Peak, Average, or RMS Values

Depending upon its design, the reading of a v-t voltmeter is a function
of either the peak value, the average value, or the rms value (or some
combination of these values) of the voltage applied to the input. As
we have just seen there is no fixed relationship between these values,
and so it is important to know just what type of v-t voltmeter one is
using. The v-t voltmeter described in connection with Fig. 1-4 is an
“average-reading”” meter because its reading depends upon the average
value of the positive balf cycles. Other v-t voltmeters, which will be
described later, are different from this meter in that their indication is
proportional to the peak or the rms values.
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Calibration of V-T Voltmeters—Vacuum-tube voltmeters are not al-
ways calibrated in terms of the value to which they respond. For
example, it is very commonplace for commercial peak-reading v-t volt-
meters to be calibrated so that the scale indicates the rms value of the
input voltage. Whenever this is done, however, it is understood that
this calibration holds true only for a sine wave in which the rms value
is 70.7% of the peak value. If a v-t voltmeter of this type is used to
measure the synchronizing pulse waveform in Fig. 1-9, for example, the
instrument would respond to the peak value of 100 volts, and being
calibrated in terms of a sine wave, would indicate 70.7 volts rms. The
true rms value of this wave, however, is 37.8 volts, so that there is an
error of 32.9 volts—an error of 87%!

Fortunately the voltages most frequently encountered are for the most
part closely similar to a sine wave so that errors of the type mentioned
above are the exception rather than the rule. However the preceding
example emphasizes the fact that it is not sufficient to know that a
vacuum-tube voltmeter is calibrated to read rms values. When working
on voltages other than pure sine waves, that is, complex voltages, it is
necessary to know whether the voltmeter is of the peak-reading type;
whether it responds to the positive or negative peaks, or both; whether
it is an rms type; and so forth. These considerations will be taken up
in detail in the chapters where these meters are considered. In addition,
a table of errors which may be encountered when working on complex
voltages is given on page 150.

Balancing or “Bucking” Circuits

In the v-t voltmeters which have been described up to this point,
the vacuum tube was operated at plate-current cutoff. As a result, no
current flowed through the plate milliammeter (or microammeter) with
no voltage applied to the input of the v-t voltmeter. In practice it is
frequently very desirable to operate on a point of the vacuum-tube
characteristic where the plate current has an appreciable value. In such
instances the resulting no-signal plate current flow is a disadvantage
because (1) the full meter scale cannot be utilized for measurement,
and because (2) the sensitivity of the meter is limited to a value which
is less than the no-gignal plate current.

To permit the use of a more sensitive plate-current meter and to
utilize the entire plate meter scale so as to increase the overall sensitivity
of the v-t voltmeter, it is customary to balance or “buck” out the no-
signal plate current. The methods for accomplishing this will be ex-
plained in detail in Chapter III. When a bucking circuit is used, the
full scale of the meter is utilized for the calibration and the sensitivity
of the meter may be as much as five or more times the no-signal plate
current.



Chapter II
DIODE VACUUM-TUBE VOLTMETERS

since the diode was invented, diode v-t voltmeters are still widely

used today because of certain advantages which they alford.
Apart from their own usefulness, they are of special intercst beeause
certain complicated v-t voltmeters also employ diode cireuits; among
these may be mentioned v-t voltmeters of the rectifier-amplifier, the
amplifier-rectifier, and the logarithmic types. In this chapter we shall
explain the operation of the diode rectifier sinee it is fundamental and
necessary to an understanding of all diode v-t voltmeter cireuits. In
addition, we shall describe practical eircuits of the various types of diode
v-t voltmeters, including their operation and characteristics.

q.LTHOUGH many improvements have been made in vacuum tubes

The Diode Characteristic

The property of the diode which makes it useful in v-t voltmeter
cireuits is its ability to conduet current in only one dircetion. When a
positive voltage is applied to the plate of & cliode, as Fig, 2-1a, 1 shows,

Qa
(a) . (b)
DioD 8 F o
& PLATE
+
— ‘1 CURRENT
— 3
INPUT o 4
VOLTAGE | ~= 2
=
- +
@ y -+ t puoneme VOLT §
P -1 ] +1 +a
LATE INPUT VOLTAGE

CURRENT

Fig. 2-1. A diode arranged so that positive and negative vollngoes can
be applied to the plate s shown at (a). Tho plate-current charnetoriy-
tic at (b) shows that current flows only whoen tho plnte Is madao posie
tive with respect to the cathode.

the resulting current increases as the plate voltage i inercased, Iow-
ever, if the polarity of the voltage is ehanged so that the plate is made

I3
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negative with respect to the cathode, then no current flows. With zero
plate voltage we assume the absence of plate current.! o
If you examine Fig. 2-1b, the plate volta:ge-plate current cha.mcte.nstm
of the diode, you will note its pon-linearity—the fact that there is no
uniform relationship between the plate current and the plate voltage.
The reason for this is that the resistance of the diode is not constant—

it decreases for an increase in plate voltage.

EFFECT OF LOAD RESISTANCE

MICROAMPERES

$00 T (q)

400 T

PLATE
CURRENT

300 T

CURRENT

200 T

(c)

100 R=HIGH LOAD

: % : ; o vouTs
INPUT VOLTAGE

Fig. 2-2. The effect of load' resistance on the plate current-plate voltage

characteristic of a. diode. A linear plate current variation can be secured hy

using a high value of load resistance as shown at (c).

However, it is possible by a very simple expedient to alter the char-
acteristics of the diode circuit so as to nullify this variable resistance
effect of the tube. This is done by the use of a load resistance, as shown
in Fig. 2-2.

If & resistor is inserted in the diode circuit, the curved characteristic
is straightened somewhat, as is shown by curve (b) in Fig. 2-2. If a
still higher value of resistance is used, the characteristic becomes prac-
tically a straight line (c); however, the line is lowered appreciably
because the current obtained for a given voltage is decreased by the
load resistance. Note that the use of a high value of load resistance
permits higher input voltages to be applied without excessive current
being drawn by the diode.

The straightening effect of the load resistance demonstrated in Fig.
2-2 is & consequence of the fact that the non-linear diode resistance is
small in comparison with the load resistance. Thus although the diode
resistance itself varies with the applied voltage, these vurintions are

. *For a more complete description of the behavior of diodes with zero
input voltage, see page 25.
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negligible in comparison with the total constant resistance in the diode
circuit.

In practice, values of load resistance above 100,000 ohms must be
used to obtain a high enough value of input resistance when the diode
rectifier is used as a v-t voltmeter. These values are sufficiently high
so that the diode characteristic is essentially straight for values of input
voltage above a few volts. A straight characteristic is desirable for
two reasons: (1) the scale of the v-t voltmeter is then uniform and (2)
the calibration becomes independent of variations in the resistance of
the diode. Such variations may occur because of ageing of the tube
or changes in the heater voltage.

Diode Rectifier Operation

The behavior of the diode when an a-c¢ voltage is applied to the circuit
is fundamental to an understanding of diode v-t voltmeters. In Fig.
2-3a. we show a circuit in which an a-c voltage is applied to a diode

—DIODE RECTIFIER OPERATION
(a)
MICRO=
— AMPERES (b)
500
A-C
VOLTAGE DIODE
‘OO'E - em e - o
g | CURRENT
a 300t 0 | THROUGH
| R
E |
LOAD 2001 <
MICRO =~
RESISTOR  \uMETER & : - -
100 I AVERAGE
| CURRENT
VOLTS 4 3 2 1 ) 1 2 3 4 vOLTS -
- (NPUT | VOLTAGE + {
|
!
< i A VOLT PEAR
: A=C VOLTAGE

Fig. 2-3. The operation of a simple diodo rectifler clrcuit. When an a-c
voltage s applied to the plate, the positive half cycles are rectifled and
the d-c¢ meter indicates tho average value of the rectifled plate current.

in series with a load resistor and a microammeter. To illustrate the
action which takes place, we have shown at (b) the diode character-
istic which was just described. For negative voltages we assume no
current flow,* while for positive voltages the diode current increases
uniformly as the applied voltage is inoreased.

*See page 25 concerning current flow with zoro plate voltage.
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The applied a-c voltage is shown below the voltage axis and consists
of a sine wave of voltage which has a peak value of 4 volts. Starting
with the positive half of the cycle, the plate current increases from zero
to a maximum of 400 microamperes and then returns to zero as the
voltage drops to zero. As the applied voltage goes through the negative
half of the eycle, no current flows. The same action takes place on each
of the succeeding cycles of applied voltage.

D-C' Plate Microammeter Reads Average Value of Current—The
current wave through R, the load resistor, shown in Fig. 2-3, is also the
current through the d-¢ microammeter or milliammeter. Being a d-c
meter, this instrument will not respond to the fAuctuations in the recti-
fied current but will respond only to the d-c component of the rectified
current. This d-c component is precisely the same as the average value
of the rectified current. It is indicated in the figure by the dotted line
which shows that the reading of the d-¢ microammeter will be 31.8%
of the peak value of the current.

D-C' Current Is Proportional to Applied A-C Voltage—If we vary
the a-c¢ voltage applied to a diode rectifier, then the reading of the d-c
meter will increase proportionately as the a-c voltage is increased. This
is illustrated by the typical curve in Fig. 2-4, which shows that a 4-volt

MICRO -

td) AMPERES (b)

800 /
DIODE 400 /

®
A-C /
VOLTAGE 200
n \4
" LoaD
RESISTOR b-c o

MICRO— 5 7 10 T 1s T 20
AMMETER
A-C VOLTS

Fig. 2-4. When an a-c voltage is applied to a diode circuit, the rectified
plate current increases as the applied a-c voltage is increased. A tynical
curve showing the relation between the d-c¢ plate current and the applied a-c
voltage appears at (b).

input will produce a d-¢ current of 130 microamperes, an 8-volt input
will produce twice as much current, or 260 microamperes, etc. This
curve shows that it is possible to calibrate the d-c microammeter in
terms of the a~c input voltage, so that the diode cireuit can be used as
a v-t voltmeter. As can readily be seen by a study of Fig. 2-3, the
reading of this type of v-t voltmeter depends upon the average value
of the positive half cycles of the applied a-c voltage.



DIODE VACUUM TUBE VOLTMETERS 17

Simple Diode V-T Voltmeter

A v-t voltmeter using the eircuit just described is shown in Fig. 2-5.
This diode v-t voltmeter uses a 200-microampere meter, a 100,000-ohm
load resistor and an ordinary receiving diode such as one section of a
type 6H6 tube. When used for measuring a-¢ voltages it will give a
full-scale deflection for an input voltage of some 45 volts rms. Although
we mention the sensitivity of the voltmeter in terms of rms values, it is

_ 100000
SERIE; DIODE
Fig. 2-5. A simple diode v-t 1 ardhe (sHe)
voltmeter in which a series re- UNKNOWN
sistor is used in order to raise VOLTAGE
the input resistance and obtain
a linear response. [ MI cn&fn&m:'rea
= F/\j
\/
200uA

understood as previously explained that the meter reading is propor-
tional to the average value of the positive half cycle of the wave being
measured. This however, does not preclude calibration of the meter in
rms values.

Input Resistance—The input resistance of this type voltmeter is
equal to the value of the series or load resistor. In practice very high
values of B cannot be used because of the resulting reduction in sen-
sitivity. Thus if the input resistance were to be raised to 1 megohm,
then a 20-microampere meter (instead of 200 microamperes) would be
required in order to secure approximately the same sengitivity.

Frequency Response—The frequency response is limited to the lower
radio frequencies because there will always be some shunt capacitance
which will tend to bypass the r-f currents around the series resistor, R.
This will make the meter read high as the frequency is increased, since
a larger current will flow through the meter than if the current were
completely limited by the series resistor, . In general the higher the
value of R, the more limited will be the frequency response.

Limited Application—Because of its comparatively low input resist-
ance and limited frequency range, the “series-resistor” type of diode v-t
voltmeter has a very limited use. Other diode v-t voltmeters which are

superior to this eircuit for practically all applications will be deseribed
in this chapter.

Peak Diode V-T Voltmeter—Series Type

The v-t voltmeter circuit shown in Fig. 2-6 will be recognized as
similar to the familiar diode detector eireuit used in superheterodyne
radio receivers. In this eireuit a hypass condenser ig used across the
load resistor. The effect of thiy condenser is to make the circuit respond
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to the peak value of the positive half cycle of the applied a-c voltage.
If the condenser is removed, then the circuit becomes similar to Fig. 2-5,
and it then responds to the average rather than the peak value.

Operation—As in all diode circuits, no current flows through the diode
on the negative half of the cycle. On the positive half, however, the
plate becomes positive with respect to the cathode so that electrons flow
into the plate end of condenser C' and out of the cathode end. The
result of this action is to charge C to a voltage which is only slightly
less than the peak value of the applied voltage.

To take a definite example, let us assume that a 100-volt peak a-c
voltage is being measured. On the positive peak of the signal, C will
charge up to 100 volts. Because of the shunt resistor across the con-

SER| PE P -T TMET
Fig. 2-6, left. A diode v-t volt-
| meter in which a peak response
UNKNOWN BY-PASS is obtained by shunting the load
VOLTAGE CONDENSER [ resistance R with a large con-
1 denser C.
AA +
LOAD MICRO~
RESISTANCE AMMETER
VOLTAGE ACROSS
—_ CONDENSER
Pig. 2-7, right. The shunt con- x Y
denser C (above) becomes charged (Ot 4 [~ . \ 7
negatively by an amount equal to e |/ \Npes. A
the positive peak of the applied / v ! \ ! v
voltage. During the interval be- ° v 7 Y ]
tween positive peaks, C discharges N \ !
slowly as indicated by the sloping v/ \ v
solid line. \.l’ N
NEG. PEAK INPUT VOLTAGE

denser, however, the condenser will at all times be slowly discharging
through the resistor. The effect of this action is to make the voltage
across C' drop from about 100 volts to about 95 volts during the time
between positive peaks of the applied voltage. :

The manner in which the voltage across C varies is shown in Fig. 2-7.
From a study of this figure it is apparent that current flows in the diode
circuit only for the small interval XV near the positive peak of the
applied voltage. Throughout the remainder of the cycle the charge on ¢
keeps the plate negative with respect to the cathode so that the diode
is non-conducting. When R and C have the proper value, however, the
amount of charge which is replenished while the diode is conducting is
sufficient to compensate for the slow discharge of the condenser through
R and the meter. For proper operation the time constant of the cireuit
(RxC) should be large in comparison with the time of 1 cycle. Typical
values of R and C for different frequency ranges are given in the table
on page 24.

Sensitivity—The sensitivity of the series-type peak v-t voltmeter is
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limited by the value of the load resistance and the sensitivity of the
d-c microammeter or milliammeter. Since C charges to the peak value
of the input voltage, the average current through the meter will be
equal approximately to the peak input voltage divided by the resistance
of B. Thus if B has a value of 1 megohm, full-scale deflection on a
100-microampere meter will be obtained for a peak input voltage of
slightly more than 100 volts.

Input Resistance—The input resistance depends upon the value of R
and is approximately equal to one-half the resistance of R. The input
capacitance depends upon the capacitance of the diode and the leads,
and is not affected by the large value of capacitance used for C. The
reason that C' does not shunt the input of the v-t voltmeter is because
C is isolated from the input circuit by the diode which does not conduct
current except for a small fraction of the cycle on the very peak of the
input voltage.

Frequency Error—The series-type peak v-t voltmeter has a negligible
frequency error over a range extending as high as 50 megacycles. Un-
less the proper values of B and C are used, however, the calibration
will not be the same for all frequencies. The values of R and ¢ which
must be used to obtain peak action are described on page 24.

D-C Path Is Required—This type of v-t voltmeter, as well as that
shown in Fig. 2-5, cannot be used for measurements unless a complete
d-c path is present for charging the condenser C. For example, it can-
not be coupled to another circuit through a blocking condenser since
there would then be no complete d-c path in the diode circuit. When
this type of circuit is used as a detector, a complete d-¢ path is always
present through the secondary winding of the r-f or i-f transformer.
When it is necessary to measure a-c voltages in a circuit where a d-c
component must be blocked off, it is preferable to use the diode circuit
shown in Fig. 2-8.

Peak Diode Voltmeter—Shunt Type

One of the most useful of the diode v-t voltmeter circuits is the
shunt-type cireuit illustrated in Fig. 2-8. With this cireuit the voltage
to be measured is coupled to the diode by means of a condenser € which
also blocks any d-¢ voltage that may be present. The performance of
this circuit is generally similar to that of the series-type peak v-t volt-
meter (Fig. 2-0), although the arrangement of components is different.

Operation—When an a-¢ voltage or signal is applied to the input
terminals, the diode draws current on the positive peaks. As a result
of this action, condenser C hecomes charged, with the polarity indieated
in Fig. 2-8, to a voltage which is almost equal to the positive peak of the
signal. The plate of the diode is thus maintained at a d-c voltage equal
to the peak value of the signal, so that a steady d-¢ current fows
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through the meter. The value of this current is equal to the peak signal
voltage divided by the resistance of R. _ _

A diagram of the current flowing through the diode is shown in Fig.
2-0. As this figure shows, the diode is non-conducting except for ¢
brief interval near the positive peak of the applied voltage. At this
point there is a surge of current, and this, averaged over the entire
cycle, provides the d-¢ current which actuates the meter.

Although the meter is shown in series with the load resistor R, it is
also possible to place it in series with the cathode of the diode. In this
connection it is worth noting that the d-c current measured by the
meter circulates around the resistor and diode and thus has the same

COUPLING
CONDENSER

I : Fig. 2-8, left. A diode v-t
+ L - voltmeter in which the un-
DIODE known a-c voltage is cou-
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value in either the resistor leg or the diode leg. Tt is preferable to
insert the meter in series with the resistor, since the r-f current through
the meter is then smaller than if the meter were placed in series with
the cathode leg of the cireuit.

Loading—The loading of this_ type of diode v-t voltmeter is deter-
mined by R and 15 equal approximately to one-half the resistance of R.
For this reason it is desirable to keep R as high as is possible. The

]imjtindg factor is the required sensitivity which is reduced as R is in-
creased.

Frequency Error—The shunt-type peak v-t voltmeter has a negligible
frequency error provided that the correct values of R and C are used
S0 as to obtain peak response over the complete frequency range. The

values of R and C which must be used for different frequencey ranges
are shown on page 24,
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Sensitivity—The sensitivity is determined by the resistance of R and
the sensitivity of the d-¢ microammeter or milliimmeter. The peak
voltage required for full-scale deflection can be determined by multiply-
ing the full-scale current by the load resistance. For example, if R is
1 megohm, and a 100-microampere meter is used, then slightly more
than 100 volts peak is required for full-scale deflection. The sensitivity
can be increased by either lowering R or using a more sensitive meter.
Either one of these alternatives is undesirable because the one reduces
the input resistance, while the other raises the cost. A more practical
alternative is to amplify the output of the diode. Reetifiecr-amplifier
v-t voltmeters are widely used; they are deseribed in Chapter V.

Linearity—The calibration of the shunt-type peak v-t voltmeter, like
that of all diode voltmeters, is usually lincar for voltage ranges higher
than several volts. On the low-voltage ranges, however, a non-linearity
is introduced because of imperfect rectification.

D-C Path Is Not Required—Unlike the series-type v-t voltmeter, no
direct-current path is required with the shunt-type v-t voltmeter. This
is apparent from the fact that the rectified current circulates through
the load resistance I and the diode, so that an external path through
the circuit being measured is not required. This is an important advan-
tage of the shunt-type circuit, as is also the fact that the condenser ¢
blocks any d-¢ voltage which may be present. The blocking action of
the input condenser is often a great advantage since there are many
occasions where a small r-f voltage must be measured at points where
a large d-c voltage is present. A typical example of such a case is the
problem of measuring the signal voltage at the plate of an amplifier
tube. In this instance C' permits only the signal (the a-¢ component
of the voltage at the plate) to reach the rectifier circuit.

A Shunt-Type Diode Voltmeter Circuit

A practical shunt-type diode peak v-t voltmeter circuit using a 6HG6
diode rectifier is shown in Fig. 2-10a. As the calibration curve of Fig.
2-10b shows, the range covered with the constants shown is 50 volts
for full-scale deflection on a 100-microampere meter. The input resist-
ance is approximately half the load resistance or about 250,000 ohms.

If it is desired to keep the input capacitance as low as possible, the
GHB can be replaced with a triode which has the control grid connected
to the top cap. A triode which has unusually low input eapacitanee
is the type 85 or its equivalent. All the clements except the control
grid are tied to the cathode in this application, so that the triode actually
functions as a diode. Where voltages up to several hundred volts are
to be measured, a type 1-V or 6X5-GT rectifier tube ean be used.

Although greater sensitivity can be obtained by decreasing R or by
using a more sensitive meter, it is more desirable where greater sensi-
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tivity is required to use either a triode or a rectifier-amplifier type v-t
voltmeter. Both of these types are described in subsequent chapters.

As mentioned in Chapter I, it is possible to calibrate a peak v-t volt-
. meter in terms of rms values by multiplying each one of the peak values

(q) PEAK V=T VOLTMETER (b) CALIBRATION CURVE
60
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Fig. 2-10. A simple peak v-t voltmeter using a 6H6 diode. An approxi-
mate calibration for this v-t voltmeter is shown at (b).

shown in the calibration curve at (b) by 0.707. Although the scale can
be calibrated in rms values in this manner, the indication is not a true
rms reading and is accurate only for a sine wave of voltage.

A High-Voltage Shunt-Type Peak V-T Voltmeter

A diode v-t voltmeter suitable for the measurement of high values of
a~c voltage is shown in Fig. 2-11. The circuit is the same as the pre-
ceding one with the exception that the type 6H6 tube has been replaced
by a television high-voltage rectifier tube of the 2X2 type. This latter
tube, although its envelope is no larger than that of an ordinary re-
ceiving tube, is rated to withstand peak voltages up to 6700 volts and
has & low input capacitance because of the large separation between
the plate and cathode. With the constants shown, full-seale deflection
is obtained on the 500-microampere meter when a peak voltage some-
what greater than 5000 volts is applied. The calibration eurve on this
range is very nearly linear, although for lower voltage ranges the culi-
bration is curved slightly because of the comparatively high internal
resistance of the diode. This high internal resistance is due to the
large separation between the cathode and plate.

The type 2X2 rectifier tube is especially desirable for v-t voltmeter
application because it is of the cathode type. Where a filament-type
diode is used, a current reading will be obtained even when no external
voltage is applied. This is because part of the filament voltage is cffec-
tive in maintaining a difference in potential between the filament and
the plate and thus causes rectification to take place. This effect is not
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Important unless voltages less than 100 volts are to be measured. This
effect should not be confused with the “contact-potential” effect which
is described on page 25.

The coupling condenser should be rated to withstand twice the highest
Peak voltage to be measured. Similarly the load resistor should be
capable of withstanding this same value of voltage. A special high-
voltage resistor can be used or several low-voltage resistors can be
Placed in series in order to obtain the required rating. The meter
and filament transformer are at the low-potential side of the input cir-
cuit so that no special precautions are required, provided the low side
of theinput is always connected to ground.

By varying either the load resistance or the sensitivity of the meter,
it i possible to obtain other voltage ranges such as 1000 volts full seale.
Fo1voltages below several hundred volts it is preferable to use a receiv-
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ing-type diode so as to obtain a more linear calibration. A receiving-
type diode is preferable because it has a lower internal resistance than
a high-voltage diode.

In the case of high-voltage diode v-t voltmeters it is especially desir-
able to run a calibration curve and not to rely on the computed
calibration. If this procedure is not followed there will be an appreciable
error because the high internal resistance of the diode prevents the
condenser from charging up to the full peak value of the applied voltage.

Values of R and C for Peak V-T Voltmeters

The operation of both the series and shunt type of peak v-t voltmeter
«lepends upon the choice of proper values of R and C. The criterion
to be followed in picking suitable values for R and C is that the time
constant of the B-C combination must be large in comparison with the
time of one cycle. The iime constant is a mensure of the time required
for a condenser to charge or discharge through a resistor ; specifically,
1t is the time required to charge a condenser to 63% of its final voltage,
or the time required for it to lose 37% of its initial voltage. To obtain
the time constant in seconds, multiply the value or R in megohms by
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the value of C in microfarads. For example, the time constant of a
2-megohm resistor and a 0.5-mf condenser is 2x0.5=1 second.

A useful rule is that the time constant RC of a peak v-t voltmeter
should be equal to about 100x1/f, where f is the lowest frequency to be
measured. Since 1/f is the time of one cycle, this is only another way
of stating that B and C should be large enough so that their produect
is at least one hundred times the duration of 1 cycle of the lowest fre-
quency. Another way of expressing this same relationship is by the
equation RCf = 100.

Typical values of B and C for different frequency ranges is given in
the table of Fig. 2-12. If it is desired to cover down to about 25 cycles,
the action of the meter will become very sluggish because the condenser
takes an appreciable time to change its voltage when the applied voltage
is changed. For this reason it is often preferable to use a medium value
of C for all r-f and a-f work. When it is necessary to measure low-fre-
quency voltages, an additional condenser of 1 mf or more can be con-
nected in shunt with the internal condenser. The regular calibration
will then apply to 25 and 60 cycles, as well as to the higher frequencies.

Fi6. 2-12. R anxp C Vavrues For Prax V-T VoOLTMETERS

Typical Values of R-C *
Frequency RC R C
Megohms | Microfarads
above 1 4
25 cycles 4
above 1 9
60 cycles 17
above 1
1000 cyecles 0.1 1 ’
above
100 ke 0.001 0.1 .01
above 0.00001 0.1 00005
10 me

*For any frequency range, different values of R and C can
be used provided that the produet RC is not less than the
value specified in the RC column. (RC = 100/1).
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“Contact Potential” Effect in Diode V-T Voltmeters

In the preceding description of diode v-t voltmeters we deferred a
discussion of the action taking place when small voltages are measured
by means of a diode rectifier. This action is complicated by the fact
that the initial speed with which the electrons leave the cathode is suffi-
cient to carry them to the plate even when no external voltage is ap-
plied. And even when the circuit is incomplete, the speed with which
the electrons arrive at the plate is sufficiently great so that the plate
assumes a potential or voltage which is about 1 volt negative with respect
to the cathode. Both of these interrelated effects will now be described.

Zero-Signal Current—When the plate and cathode of a diode are con-
nected together through a resistor, Fig 2-13a, it is found that a small
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current flows because of the high speed with which many of the clectrons
leave the cathode. (The arrow is shown toward the plate because the
conventional direction of current flow is taken to be opposite to the
direction of electron flow.) For the type 6116 diode, a current of ahout
300 microamperes flows when the plate and eathode are connected to-
gether directly; the exact eurrent depends to a great degree upon the
heater voltage and the condition of the eathode.

The manner in which this zero-signal current varies as the load re-
sistance is increased is shown in Fig. 2-13bh. Starting with a resistance
value of 100 ohms, the curve shows that the current decreases from
about 300 microamperes for a resistanse of 100 ohms, to about 0.1 micro-
ampere for a resistance of 10 megohms.
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When a diode rectifier is used in a v-t voltmeter circuit, a current will
thus flow even when no voltage is applied; the magnitude of the current
which can be expected is given by the curve at (b). In high-range v-i
voltmeters this initial or zero-signal current is ordinarily so small that
it is negligible. However, in low-range diode v-t voltmeters, it i4 neces-
sary either to balance out the initial current or to make allowanece fur
it in some other way.

“Contact” or Zero-Signal Potential—Depending upon the value of
load resistance connected to a diode, the zero-signal plate cuirrent will
cause a voltage drop to take place between the cathode ancl the plate,
This drop is in such a direction as to make the plate neg:ttive with
respect to the cathode. This effect is illustrated by the curve shown in
Fig. 2-13c. For values of load resistance less than about 100 ohms the
contact potential is effectively short-circuited, so that the voltage differ-
ence between plate and cathode is reduced to practically zero. As the
load resistance is increased, however, the plate becomes steaclily more
negative until it reaches a potential of about 1 volt negative with &
load resistor of about 10 megohms. For still higher values of load
resistance, the potential at the plate becomes only slightly more negutive
than the 1-volt value for a 10-megohm load.

With the circuits which have been thus far deseribed, the zero-signal
current is of greater interest than the contact potential. Later, however,
we shall describe rectifier-amplifier types of v-t voltmeters in wwhich the
voltage developed at the plate is taken as a measure of the input voltage.
In thJs_type of v-t voltmeter, the zero-signal voltage or contact-potential
curve is of primary interest.

The curves which we have shown are for the representative GG
Teceiving-type diode. Other tubes, such as triodes used as diodes, alxo
show the same effect. In high-voltage diodes, such as those of 1he 2X2
type, the same effect is present but to a much smaller degree. Thus in
the type 2X_2, the zero-signal current with zero load resistance is only
about 0.1 microampere as against 300 microamperes for the tape GII6.
"This tremendous difference is due to the much wider spacing bhetween
the cathode and plate in the high-voltage diode. Although the zeru-
signal current of high-voltage rectifiers is much smaller. the contaet
%cll::s:’iﬁ Ls s:ctlﬂtapp:ecigblly fla.x};ge because of the high diode resistance.

ontact potential o i as agnins

ab%}#; Lo tlie o~ GHE. e type 2X2 is sbout 0.4 volt as aguinst
ect on Calibration—The effect which we hav ibhing ix

greatest Importance only on the low-voltage mnge:ez? gffgiﬂzi’f \1-“-,1(;{
mneters. On ranges less than about 10 volts the zero-signal current o

be bucked out or balanced out by using circuits similar to those ¢ ltfjtl'rilt)‘ttii

gl?ep:agl(iabfg’;‘ Eveglthogggl tﬁis injtial current is balanced out, ht;\\"ow-x"

ion will not be linear for j RN

because of the high internal resistagzelz?l‘lcise (giolgzs than several volty
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Slide-Back Diode V-T Voltmeter for Positive Peak Voltages

The v-t voltmeters which have been described up to this point have
all been of the direct-reading type. By this statement it is meant that
an unknown voltage applied to the input terminals, can be read directly
on the meter scale. In contrast to this type of v-t voltmeter, there are
other types which are not direct reading but which require a balancing
adjustment to be made before the unknown voltage can be determined.
A simple diode v-t voltmeter of this type is shown in Fig. 2-14; it is
known as a slide-back diode voltmeter. The reason for its name will
be clear from the following description of its operation.

To measure a voltage with the diode voltmeter shown in Fig. 2-14,
the potentiometer R is first adjusted so that the slide-back voltmeter

DIOD!

Fig. 2-14. A slide-back di- ©
ode v-t voltmeter which can UNKNOWN

be used for the measurement ‘OTA%E +

of positive peak voltages. MICRO -
The voltage V redquired to SLIDE~'BACK AMMETER
restore the initial plate cur- _""r"-"{“ + -
rent is equal to the positive w
peak voltage. |
YA X
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reads zero. Under this condition the tap on the potentiometer will be
at point X and a small current reading will be obtained on the micro-
ammeter as a result of the high speed with which the electrons leave the
cathode. To check this initial reference current, the input terminals of
the v-t voltmeter should be connected together so as to provide a d-c
path.

The unknown voltage is then applied to the input terminals. Rectifi-
cation of the positive peaks of this voltage will take place, so that the
current through the microammeter will increase appreciably from its
previous no-signal value. If, however, the slideback voltage is increased
80 as to make the plate more negative, the current will gradually de-
crease until finally the current is reduced to its initial value. Under
this condition, as Fig. 2-15a clearly shows, the positive peak of the un-
known voltage is equal to the slide-back voltage indicated by the volt-
meter V in Fig. 2-14. The conditions existing when the slide-back
voltage is too small and too large are shown at (b) and (¢) of Fig. 2-15.
If the slide-back voltage is too small as at ( b), then rectification of the
positive peaks takes place and the microammeter will indicate a large
current flow. On the other hand, if the slide-back voltage is too great
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as at (c), then the diode plate will be biased so negatively that no plate
current will flow during any part of the cycle. The proper setting of
the potentiometer is obtained, as shown at (a), when the slide-back
voltage is just about equal to the positive peak voltage being measured.
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Fig. 2-15. These figures illustrate correct and incorrect adjustments of the
slide-back voltage. The slide-back voltage is equal to the peak voltage
when the initial small reference value of plate current is restored.

Use of Bias Voltage—Greater accuracy can be obtained if a small
negative voltage is placed in series with the slide-back voltage, as shown
in Fig. 2-16. This voltage enables the plate current to be reduced to a
few microamperes, which is considerably less than the usual zero-signal
current of about 300 microamperes.

To use this circuit, RZ should be set so that the slide-back voltmeter
V reads zero. With the input terminals shorted, the zero adjustment
R2 should be set so that some definite small value of current is indicated
by the microammeter; a suitable value is about 10 microamperes, and
this will usually require a biasing voltage of about 0.5 volt negative.
As before, the positive peak signal voltage is equal to the slide-back
voltage required to reduce the plate current to its initial value—in this
case 10 microamperes.

Of course this same method of providing an initial bias can also be
used with the circuit shown in Fig. 2-14, since the bias can be provided
by adjusting R to a suitable point near X. However, in this instance
the bias voltage will also be read by the slide-hack voltmeter, so that
the bias voltage must be subtracted from the reading of V to obtain
the peak voltage.

Accuracy—I{ the slide-back diode voltmeter is used to measure a-c
voltages smaller than about 10 volts, & direct ealibration must be made.
For small voltages, the slide-hack voltage is not accurately equal to the
peak value of the signal because the “tip” of the positive peak must be
rectified before the small initial value of current is obtained. The effect
of this is to introduce an error which makes the slide-back voltage some-
what smaller than the actual positive peak being measured. The amount
of this error is of the order of 0.5 volt so Lhat usually it can be neglected
only when voltages larger than about 10 volts are being mensured.
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D-C Path Required—The slide-back diode voltmeter cannot be used
unless the source being measured provides a complete d-¢c path through
which the rectified current indicated by the meter can flow. To obtain
the greatest accuracy, the d-c resistance when the zero adjustment is
made should be of the same order as the resistance looking into the
voltage being measured.

Where the source being measured does not provide a complete path
for the rectified current, the shunt-type circuit shown in Fig. 2-8 can be
employed. This circuit has a self-contained d-¢ path and in addition
incorporates a blocking condenser so that d-c¢ voltages will not affect
the reading.

Positive Peak Is Measured—It is clear from the preceding description
that the circuits in Figs. 2-14 and 2-16 respond to the positive peak of
the applied voltage. The somewhat similar circuits described in the
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following sections enable the measurement of the mnegative peak of an
a-c wave and the trough voltage of a pulsating wave.

Avoiding Injury to Meter—To avoid excessive current through the
plate microammeter, it is desirable to apply a large negative slide-back
voltage to the plate before the unknown voltage is applied to the input
terminals. The slide-hack voltage can then be reduced until the initial
value of plate ecurrent is indicated by the micronmmeter.

Slide-Back Diode V-T Voltmeter for Negative Peak Voltages

By reversing the connections to the cathode and plate of the diode,
the slide-back voltmeter shown in Fig. 2-16 can be converted into an
instrument for the measurement of negative peak voltages. The modi-
fied circuit is illustrated in Fig. 2-17a. Note particularly that the
polarity of the slide-back voltage is still such that it enables the plate
to be made negative with respect to the cathode, although apparently
the polarity of the slide-back voltage has been reversed.

To make a voltage measurement of the negative peak, the input ter-
minals are first connected together and the initial bing adjusted so that
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the plate current is 10 microamperes or some other suitable low value
which can be read on the meter. The potentiometer is then set at Y,
80 that the maximum positive slide-back voltage is applied to the cathode.
The unknown voltage is applied to the input terminals, and the slide-
back voltage reduced until the initial plate current reading of 10 micro-
amperes is again obtained. As Fig. 2-17b shows, under this condition
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VOLTAGE |
+ - | h
< \" >'——1 1
o R2 L | T NEG.PEAK
INPUT [
7 VYVWMWWA VOLTAGE o
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Fig. 2-17. By reversing the cathode and plate, it is possible to measure
negative peak voltages. Operation of the circuit is illustrated at (b), which
shows the plate current variation in terms of the cathode voltage. Note
carefully the polarity of the slide-back and zero-adjustment voltages.

the slide-back voltage will be equal to the negative peak of the applied
signal.

The various considerations explained in connection with slide-back
voltmeters for positive peak voltage measurements also apply to this
cireuit,

In those instances where the voltage being measured is isolated from
ground, either the positive peak circuit (Fig. 2-16) or the negative peak
circuit (Fig. 2-17) can be used for the measurement of both positive and
negative peaks. This can be done simply by reversing the connections
to the input terminals of the v-t voltmeter. However, this procedure

should not be attempted when one side of the voltage being measured
is grounded.

Slide-Back Diode V-T Voltmeter for Trough Voltages

By reversing the polarity of the slide-back voltage, Fig. 2-18, the
negative peak voltmeter just described can be used to measure the
trough voltage in a pulsating wave. As Fig. 2-10a shows, the trough
voltage of & pulsating wave is the lowest value to which the voltage
drops during the cycle. A voltage wave of this type is obtained at the
plate of an amplifier tube when an a-c signal is applied to the grid. In
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a typical instance, the voltage at the plate might fluctuate between say
250 volts and 50 volts; the trough voltage would then be 50 volts.

To measure the trough voltage, the zero adjustment is made so that
the plate current reads about 10 microamperes. The unknown voltage

|
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is then applied to the input terminals, the connections being made so
that the positive side is applied to the cathode terminal. The effect of
the unknown voltage is thus to bias the diode so that the plate current
is completely cut off. If now the slide-back voltage is increased until
the initial value of plate current is obtained, then the slide-back voltage
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Fig. 2-19. When a pulsating voltage (a) Is applied to the voltmoter in
Fig. 2-18 above, the slide-back voltmeter will indlecate tho trough voltage

of the wave, as shown at (b). The dlode characteristic is shown in terms
of the cathode voltagoe for simplicity.

will be equal to the trough value of the pulsating voltage as is clear from
a study of Fig. 2-19.

Note that in this circuit the effect of increasing the slide-back voltage
is to cause the plate current to increase. To avoid overlonding the
meter, the unknown voltage should be applied hefore the slide-back

voltage is increased. This, of course, is the reverse of the usual proce-
dure with slide-hack voltmeters.



Chapter III
TRIODE VACUUM-TUBE VOLTMETERS

HE primary advantages of the triode v-t voltmeter are ity almost

infinite input resistance and its relatively high sensitivity, Both

of these advantages result because a negligible amount of power
delivered to the control grid of a triode is capable of controlling a eom-
paratively large amount of power supplied by the triode plate hattery,
Thus when & signal is applied to the control gricd of o negatively-hinsed
triode, the plate current is varied without any current heing drwn by
the control grid. We may contrast this with the diode v-1 voltmeter
where the power required for the measurement must he supplied from
the circuit being measured, rather than from an ausiliary battery, Al-
though the triode v-t voltmeter requires a larger mumboer of components,
including bias and plate voltage supplies, its higher input resistunce and
greater sensitivity more than compensate for ils greater complesity,

We are limiting the discussion in this ehapter to direet-remding tricde
v-t voltmeters for a-c voltage measurements. Other types of trinde vt
voltmeters will be described in subsequent chuapiers.

Like all v-t voltmeters, the triode v-t voltmeter is essentially o de-
tector although it is not always used that wuy, and just us there are
many types of detectors, so there are many types of triode v-t voli-
meters. The plate detector, the grid detector, the linenr deteetor, efe,,
all have their counterparts in v-t voltmeters which are hased on similar
operating principles.

Plate Detection V-T Voltmeters

The plate current-grid voltage curve shown in Fig. 3-1 is typieal of
triode vacuum tubes. Vacuum-tube voltmeters which utilize this ehur
acteristic are called plate detection or plate rectification v-t voltmeters
and depend for their operation on the fact that the unknown valtige
applied to the grid causes an increase in plate eurrent on the positive
half cycle which is greater than the decrease on the negative hall eyele,
As a result, a net increase in plate current takes place and this inerense
is a measure of the unknown voltage applied to the grid. Voltmeters

32
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of this type are referred to as being of the peak, half-wave, or full-wave
types—depending upon whether the operating bias is greater than cut-
off, at cut-off, or less than cut-off.

PLATE — RECTIFICATION
V-T VOLTMETERS
FULL - WAVE
OPERATION
PLATE
CURRENT
HALF -WAVE
OPERATION
PEAK
OPERATION
B
c A
- GRID VOLTAGE o

Fig. 3-1. Plate rectification v-t voltmeters are classified as
peak, half-wave or fullwave,—depending upon the position of
the operating point on the plate current—egrid voltage char-
acteristic.

Half-Wave Square-Law V-T Voltmeter

The basie circuit and operation of the half-wave square-law v-t volt-
meter are shown in Fig. 3-2. As the designation half-wave implies, the
operating grid bias is chosen close to cut-off so that the plate current
is essentially zero when no signal is applied to the grid. When a signal
is applied, the plate current increases during the positive half of the
cycle, as is shown at (b). On the negative half, however, no appreciable
decrease in the plate current takes place because the plate current is
practically zero to begin with. As a result of this rectification, the
average value of the plate current increases when a signal is applied,
and this increase can be taken as a measure of the voltage applied to
the grid.

Square-Law Response—The outstanding characteristic of this type of
v-t voltmeter is the fact that the plate current is approximately propor-
tional to the square of the voltage applied to the grid. This makes the
calibration independent of the waveform, although there may still be
some waveform error which is dependent upon the phase of the har-
monics present in the unknown voltage. The compensation for variations
in waveform cannot be complete in the half-wave type of v-t voltmeter
because no current flows in response to the negative half cycles of the
input voltage; as a result the waveform of the negative half cycles can-
not directly affect the reading of the voltmeter.
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Weak-Signal Operation—The sensitivity of the half-wave v-t volt-
meter for small voltages is poor because these voltages are applied near
plate current cut-off and in this region the mutual conductance of the
tube is very low. An additional factor making the weak-signal sensi-
tivity poor is the inherent insensitivity of any square-law type of v-t
voltmeter for small input voltages.

(@) (b)

PLATE
CURRENT

FINAL
CURRENT
- ; INCREASE
- ———— e e CURRENT
1
- Rl v A 1
SRID -, voLTace | ? ‘LlNITIAL
‘L“'bl h CURRENT
1
c:__ 1 FIXED !
e————pgjag —=i
! I
Q\_i “F—UNKNOWN VOLTAGE
i

Fig. 3-2. The half-wave v-t voltmeter is operated just above plate current
cutoff, so that only the positive half cycles of the applied voltage are effec-
tive In causing the plate current to increase. The meter indicates the in-
crease In the average plate current.

In addition to having poor sensitivity for weak signals, the accuracy
for weak signals depends to a very great extent upon the maintenance
of the exact value of bias voltage. Even a slight shift in this voltage
will throw off the calibration over the lower portion of the scale. By
always using a fixed small value of operating plate current, as is illus-
trated in Fig. 3-3b, the stability of calibration can be improved con-
siderably.

Strong-Signal Operation—For stronger input signals where operation
is on the upper portion of the plate-current characteristic far removed
from cut-off, the sensitivity is considerably better than for weak signals.
Here the calibration is not so dependent upon the exact maintenance of
the correct voltages. In practical v-t voltmeters, the triode plate-cur-
rent characteristic is such that the square-law relation is maintained
only over a limited portion of the range. For larger input signals, the
response tends to become linear so that the increase in plate current
is proportional to the signal rather than to the square of the signal.
The reason for this condition can be seen from the manner in which the
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plate current characteristic in Fig. 3-2b straightens out as the bias volt-
age is decreased. Since the response for large signals is no longer pro-
portional to the square of the grid voltage, the voltmeter then tends to
read the qverage rather than the rms value of the positive half cycles,
and its reading is therefore dependent upon the waveform of the gignal
in the same way as any other average-reading voltmeter.

Input Resistance and Frequency Range—The input resistance of the
balf-wave v-t voltmeter is extremely high because the grid is at all times
biased negatively. The exact input resistance depends upon the fre-
quency and the tube type but is in general hundreds of megohms at
low frequencies and correspondingly lower at higher frequencies. How-
ever, the input resistance remains high even at radio frequencies where
it is limited by the losses in the input circuit of the tube. These losses
can be minimized at the upper radio frequencies by using an acorn type
tube such as ig illustrated in Fig. 1-1.

The frequency range of the half-wave v-t voltmeter extends to approxi-

CIRCUIT CALIBRATION
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Fig. 8-3. A half-wave v-t voltmeter using a type 1NG-GT connected as a
triode. A fixed balancing current is used, the zuro adjustment belng made
by means of R2; a 500 ohm rheostat may be placed in sories with R2 to ob-
tain a fine adjustment control. A typical calibration curve is shown at (b).

mately 30 megacycles so that a calibration made at a low frequency
(such as 60 cycles) can be used at radio frequencies. At about 30
megacycles, the transit time of the electrorns in the space between the
elements introduces an error which becomes progressively larger as the
frequency is inereased.

Half-Wave V-T Voltmeter Using 1N5-GT

The circuit shown in Fig. 3-3a illustrates a practical half-wave v-t
voltmeter having an approximate square-law characteristic. A type
IN5-GT r-f pentode is used as a triode; this tube has a 1.5-volt, 50~
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milliampere filament and is designed for direct operation from a 1.5-volt,
dry cell. It is particularly suitable for v-t voltmeter use beca}lse of its
small size, low imput capacitance, and because the grid cap is on top
of the envelope so that the tube can readily be adapted for use at the
end of a probe (see pages 53 and 78.)

Although the circuit and curves shown apply specifically to the 1N5-
GT tube, similar curves apply to a-¢ operated v-t voltmeters using other
tubes which have similar characteristics. The reason for the use of a
pentode (as a triode) rather than a conventional triode is the fact that
the triode types do not usually have the grid cap at the top of the
envelope. When used as & triode, sharp cut-off pentodes of the IN5-GT,
77, 88J7, and similar types have an amplification factor of the order
of 25. Similar performance can be expected with any of these tubes
used as triodes, or with a triode bhaving an amplification factor of
about 25.

Circuit Description—The circuit is similar to the basic circuit which
has already been described with the exception that a balancing ecireuit
has been added to balance out the initial value of plate current. This
balancing circuit consists of the 1.5-volt flashlight ccll and the resistor
RS. A 50,000-ohm potentiometer R2 across a 3-volt battery is used to
provide the grid bias, while s 67.5-volt battery is used for the plate
voltage. A 100- or 200-microampere meter is used as the indicator.

The r-f currents which are caused to flow in the plate eircuit are
returned to the cathode by means of the 0.1-mf bypass condenser C2.
This prevents signal currents from flowing through the meter and plate-
supply circuits where they would encounter a variable impedance which
would introduce g frequency error.

The unknown voltage may be connected directly to the grid or
through the blocking condenser €7 ag shown in Fig. 3-3a. If the block-
Ing condenser is used, the calibration will be unaffocted provided that
the reactance of C1 at the lowest frequency of operation is small in
comparison with the resistance of R7.

Opera-tt.nq Point—An examination of the plate current-grid voltage
characteristic of the IN5-GT (see Fig. 3-4) when operated at a plate
vo_ltagg of 67.5 volts shows that the plate current is quite small for a
grid blas of about 2 volts. At this grid bias, the operation would he
essentially half-ws}ve. Larger values of grid bias could be used; as will
be shown later this has the disadvantage of reducing the sensitivity for
;ve?k signals. A good compromise value of grid bias is therefore about
2 volts and the plate current corresponding to this value is about 75
microamperes,
inifizl 1‘13:11:1? ‘that the operating point will always be returned to this
1 OL current, 5 fixed balancing resistor is used. This resistance
}IS‘SBt at 20,000 ohms so that the balancing current is 75 microamperes.

0 set the zero when the voltmeter is first turned on, the potentiometer
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should be adjusted until the meter reads zero. Since the balancing
current is 75 microamperes, the plate current will also be 75 microam-
peres when the meter reads zero.

Calibration and Range—A typical calibration is shown in Fig. 3-3b.
The square-law character of this curve for voltages less than 1 volt is
apparent. Note, for example, that an input signal of 0.4 volt produces
a deflection of about 25 microamperes. Doubling the input signal to
0.8 volt raises the plate current to 94 microamperes or approximately
four times the deflection for the 0.4-volt signal which was half as strong.
For larger values of input signal the deflection tends to become linear
as the curve shows. Larger input signals than about 1.4 volts rms (or
2 volts peak) should not be applied since the grid will be driven positive
and the input resistance lowered.

It is clear from the preceding description that the range of this v-t
voltmeter is limited because an input greater than 2 volts peak will
cause grid current to flow. When it is necessary to measure larger

T -
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. voltages than this, some modification must he made in the design. One
way of obtaining an extension of the range is to use a tube with a lower
amplification factor. This will inerease the cut-off bias (the cut-off
voltage is approximately equal to the plate voltage divided by the
amplification factor) and so will inerease the maximum signal which can
be applied without drawing grid current. Increasing the plate voltage
will also inerease the range, but this is generally unsatisfactory because
it reduces the sensitivity for small input voltages. The most satisfac-
tory solution where higher voltages must be measured is to use one of

the other types of v-t voltmeters, such as the rectifier-amplifer or slide-
back type.
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Numerous modifications can be made in this basic circuit. For exam-
ple, other tubes such as the 6C5, 6J5, 6P5, 6J7 (as a triode) may be
used; full a-c operation can be obtained by using a conventional power
supply; ete. Although any of these changes will affect the calibration,
they will not alter the general considerations which have been discussed.

Full-Wave Square-Law V-T Voltmeter

If the operating point of the half-wave type v-t voltmeter is moved
above cut-off so that an appreciable value of plate current flows, then
the operation changes from half-wave to full-wave.. The designation
full wave is appropriate, as Fig. 3-5 shows, because both halves of theo

(b} Fig. 3-5. TYFor full-

wave operation, the

c'::lihnrzirr operating npoint is
placed on the curved

portion of the char-

acteristic, so that

FINAL the increase in plate
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__________ INCREASE  tive half cycle Is
L CURRENT  grpater than the de-

crease on the noega-

INITIAL tive half cycle. The
CURRENT meter indicates the

incroase in the aver-
age plate current.

" UNKNOWN VOLTAGE

wave are effective in causing the plate current to change. Because the
Dlate-current increase on the positive half cyele is greater than the
decrease on the negative half cycle, there is a net increase in the plate
current when a signal is applied. This increase in current may be taken
as a measure of the signal applied to the input, and the voltmeter is
calibrated accordingly.

Elimination of Waveform Error—Where the tube characteristic is
such that the plate current is proportional to the square of the grid
voltage, the full-wave v-t voltmeter has the very desirable property
that wavefom_x error is eliminated and the reading is proportional to tho
rms or effective value of the signal. In this respect the full-wave,
square-law v-t voltmeter is superior to the half-wave type which does
not take into account the negative half cycles of the input voltage. In
the full-wave type both the negative and the positive half cycles con-
tribute to the reading; because of the square-law response, the increase

in plate current is proportional to the rms value of the input voltage
and is.independent of the waveform, d ¢



TRIODE VACUUM TUBE VOLTMETERS 39

Sensitivity—At first consideration it might be thought that the full-
wave voltmeter would be less sensitive than the half-wave type because
of the decrease in plate current on the negative half cycles of the input
voltage. This decrease does partially neutralize the increase on the
positive half cycles and so tends to reduce the rectification efficiency.
In the full-wave circuit, however, operation is on a portion of the plate
characteristic where the mutual conductance is greater than for half-
wave operation. This greater mutual conductance more than compen-
sates for the decrease in plate current on the negative half cyeles, so
that the sensitivity of the full-wave v-t voltmeter is greater than the
sensitivity of the half-wave type. .

The statements made regarding input resistance and frequeney range
under the half-wave type of v-t voltmeter apply equally well to the

full-wave type.
Full-Wave V-T Voltmeter Using IN5-GT

A full-wave v-t voltmeter circuit having an approximate square-law
response i8 shown in Fig. 3-6. The same tube and general circuit ar-
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Fig. 3-6. A full-wave v-t voltmeter using the type 1N5-GT connected as a
triode. A flxed balancing current is used, the zero adjustment being made
by means of R2; a 500-ohm rheostat may be placed in series with R2 where

a ﬂx;e) adjustment control is desired. A typical callbration curve is shown
at (b).

rangement previously described in connection with the half-wave v-t
voltmeter of Fig. 3-3 are used in this circuit. The only significant
change is the decrease in the bias voltage so that plate current will flow
for both the positive and negative parts of the input voltage.

Referring to the plate-current characteristic of the 1N5-GT shown
in Fig. 3-4, the operating point is moved up to a bias of 1.4 volts and
the corresponding plate current of about 230 microamperes. To obtain
the required balancing current, the same 1.5-volt battery may be used.
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However, the balancing resistor R3 should be decreased to about 6500
ohms so that a balancing current of approximately 230 microamperes
will flow through the meter. When the grid-bias potentiometer R2 is
adjusted so that the meter reads zero, the plate current will then be
exactly equal to the balancing current and operation will be taking
place about the correct point on the tube characteristic.

With the circuit constants shown, the range of the voltmeter is limited
to about 1 volt rms since larger input voltages will cause grid current
to flow. To measure voltages larger than 1 volt it is preferable to use
a tube which has a lower amplification factor, if square-law operation
is desired. The types 71-A and 6AE5-GT are especially suitable for this
application.

Ideal Square-Law V-T Voltmeter

In a perfect squarc-law v-t voltmeter, the plate current is exactly
proportional to the square of the grid voltage. An ideal characteristic
of this type is shown in Fig. 3-7a. The square-law character of the plate
current curve is readily apparent. To obtain plate-current cut-off, a

(0) SQUARE-LAW (b) SQUARE-LAW
CHARACTERISTIC A CALIBRATION
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Fig. 3-7. A plate current-grid voltage charact
eristic can be checked for
:gwe-tl’awthresnonse by plotting the square-root of the plate current, as
Own by the dotted straight line at (a). A v-t voltmeter blased at cutoff,

:‘i;% ﬁ;’_‘gs_tsl}is characteristic, will give the callbration shown at ). Seeo

grid bias of 4 volts is required. If this bias is reduced by 1 volt, the
phI?:e current increases to 1 milliampere. If biag is decreased by twice
t hamounj; (to 2 volts), the plate current is multiplied by four and
18 thus 4 milliamperes. If the grid biag is decreased by three times the
g_rlgmal 1 volt decrease (to 1 volt), the plate current is multiplied nine
imes and thus becomes 9 milliamperes. Similarly for g four time de-
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crease in grid voltage, the plate current increases sizteen fold, so that
at zero bias the plate current is 16 milliamperes.

To check whether a given characteristic is square-law, the square root
of the plate current readings are plotted against the grid voltage. If a
straight line is obtained,—as the dotted line in Fig. 3-7a—this indicates
that the square root of the plate current is proportional to the grid
voltage; this is simply another way of stating that the plate current is
proportional to the square of the grid voltage. In the case of the ideal
square-law plate current curve just described, the square-root curve is
a straight line, indicating that perfect square-law operation would be
obtained if a tube having a characteristic shown in Fig. 3-7a were used
as v-t voltmeter. Since the dotted curve is straight over its entire
length, square-law operation would be obtained regardless of the position
of the operating point. If the grid bias were at cut-off or -4 volts, then
half-wave square-law operation would be obtained, whereas if the oper-

ating point were at —2 volts, then full-wave square-law operation would
result.

RMS VOLTS
Fig. 38-8. The scale of a perfect

square-law v-t voltmeter is crowd-
ad over the lower portion so that
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it is difficult to take readings less
than about 14 of full scale. Note
the much greater ease of reading
on the linear scale which is shown
below the square-law scale to en-
able a comparison.
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Square-Law Scale Distribution—The characteristics of a square-law
scale are of interest. Fig. 3-8 shows the exact scale calibration for a
half-wave v-t voltmeter having the plate current curve shown in Fig.
3-Ta; however, the same type of scale calibration applies to all square-
law v-t voltmeters regardless of type.

The essential characteristic of a square-law seale is the crowded ap-
pearance of the lower portion of the scale. Thus an input voltage equal
to one-half the full-scale voltage gives a deflection of only one-fourth
of full scale, while an input voltage of one-tenth of full seale gives a
deflection equal to only one-hundredth of full scale. The practical effect
of this square-law distribution is to limit the range of voltages which
can be read on any one scale to a value much lower than for a linear
scale. For example, a deflection of one division on o 100-division scale
requires 19 of the full-scale voltage for a linear voltmeter, whereas it
requires 10% of the full-scale voltage for a square-law v-t voltmeter.

































































































































































































































































































































































































































