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Fig. 4-26. Diagram of number 3 
decoder. 

sistor is connected to the digit-3 Nixie indicator. In this example the 
decade is at count 3 and is providing positive outputs for a binary 2. 
With the transistor driven into conduction, the full + 200-volt supply 
is applied to the Nixie, energizing the number 3. The circuit shown in 
Fig. 4-27 is used only in the ten-thousands decades. All other decades 
use the circuit shown in Fig. 4-28.  Operation of this circuit (known 
as a biquinary decoder) is as follows. As before, the biquinary decoder 

+2fJN 

S I G  GND 
-45V 

Fig. 4-27. Diagram of number 3 decoder operation. 

is used to convert the binary-coded output of the four flip-flops in 
each decade to a decimal representation for presentation by the read­
out. Circuit design is such that two successive numbers (0 and 1 ,  
2 and 3 ,  etc.) are decoded by each of five resistive AND gates. Further 
processing then recognizes the state of the I -bit flip-flop to complete 
the decoding. 

The Nixie driver transistor will conduct when both of the following 
two conditions exist : 1) the decoder gate output at the base terminal 
is positive and 2 )  the emitter line (corresponding to the selected odd 
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or even number) is at a nominal ground potential through the odd 
and even select transistors (Qa and Qb). The ten cathodes of the 
Nixie indicator tube are connected to the collectors of ten corre­
sponding driver transistors for a given decade. Thus, when a particular 
driver stage is conducting, the selected indicator cathode of the Nixie 
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Fig. 4-28. Diagram of typical biquinary decoder stage. 

will glow as a result of the application of the full power-supply volt­
age (+250 volts) less the internal voltage drop of the tube from the 
anode to the selected cathode. 

Polarity.Changing Operation 

During d-c voltage measurements the polarity state existing in the 
meter is indicated by a plus or a minus symbol in the Nixie readout. 
The symbol Nixie lamps are energized by Nixie driver circuits similar 
to those just described. Actual polarity-changing is controlled by the 
polarity flip-flop discussed earlier. 

In operation, if the readout indicates a positive input and the 
polarity of the input signal is reversed to negative, the meter im­
mediately senses that the input signal (Ex) is less than the feedback 
voltage (Etb). Down pulses are generated in the normal manner, and 
the decades in the readout are driven to +0.0000 with down pulses 
still being generated. 
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The down pulses are applied through a series of AND gates to trigger 
a polarity mono. The output of this polarity mono, which is normally 
negative when the mono is in its at-rest state, now goes positive and 
inhibits or places a hold on OR gates 4 and 5 in the pulse-producing 
network (Fig. 4-20). This prevents pulses that are still being gener­
ated by the chopper from passing through the gates and disturbing 
the digital register while polarity changing is taking place. 

A pulse from the polarity mono also changes the state of the po­
larity flip-flop from 0 to a 1 .  The 0 output side of this flip-flop then 
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goes negative, making the output from its 1 side positive. This re­
verses the polarity of the drive signals applied to the Nixie drivers 
and causes the negative-polarity symbol to be displayed. The symbol 
Nixie circuit is similar to the number Nixie circuits, except that it 
displays a symbol (+, - , R [ratio], E [voltage]) instead of numbers 
when the corresponding driver transistor conducts. 

Fig. 4-29 shows operation of the gating circuits during a polarity 
change. When the polarity flip-flop changes state, AND gate 1 1  is en­
abled so that Ex < Efb pulses, which are still being generated by the 
chopper, can pass through the gate to the up-pulse line. At the same 
time a pulse, generated by the polarity flip-flop as it is changing state, 
passes through an OR gate that controls a bridge reference supply 
relay. When energized, this relay reverses the precision reference 
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output of the bridge circuit so that - 1 0  volts instead of + 10 volts is 
applied to the register bridge. 

At this point the readout indicates -0.0000. As before, pulses are 
produced until the meter reaches a null and the readout is equal to 
the applied voltage. This operation is accomplished in the same 
manner as previously described for a positive input signal. 

MODEL 1 1 1  DIGITAL VOLTMETER 

The next instrument selected for discussion is manufactured by 
Simpson Electric Company, Chicago, Illinois, and is designated as 
their Model 1 1 1 .  The instrument is designed to measure d-c voltages. 
Display is by means of seven individually lighted bars and is activated 

Fig. 4·30. Simpson Electric Company Model 1 1 1  digital meter. 

by 1 -2-4-2 binary-coded logic from the internal counters. The display 
time is variable and can be controlled manually or from a remote 
location. A photograph of the unit is shown in Fig. 4-30. 

Basic Operational Theory 

The Model 1 1 1  is basically a null seeking-balancing system that 
samples a measured portion of the probe input voltage and compares 
it to an opposing voltage that is being developed internally (see Fig. 
4-3 1 ). When both voltages are equal and opposite, the unit is said 
to be at equilibrium and a steady-state readout will exist at the 
counters. 

In order to provide numerical readout the development of the 
internal voltage is divided into 1000 discrete steps (each step corre­
sponding to a number between 000 and 999). As this voltage in-
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creases by its 1 / 1 000 increments until equilibrium of the counters 
scale is attained. 

The three stages of decade counters provide the 1000 possible 
output states of 000 to 999. A seven-bar display is connected to each 
of the decades to provide the readout of the 1 -2-4-2 logic in each of 
the counters . The counters also drive the digital-to-analog converter 
which divides a reference voltage into 1000 steps. At the count of 
000, the digital-to-analog converter output is zero volts. At the count 
of 999, the output has increased to approximately five volts. As the 
counters scale from 000 to 999 (because of added pulses), the output 
of the digital-to-analog converter (consisting of a staircase waveform) 
is increased by 1 / 1 000 of the reference voltage (per pulse). Because 
no more than one second is required to achieve balance, the counter 
input repetition frequency becomes 1 kc, which in turn becomes the 
clock rate of the instrument. 

The polarity switch reverses the output sense of the digital-to-analog 
converter. That is, a negative-going staircase is generated when a 
positive voltage is measured. Conversely, a measured negative voltage 
results in a positive-going staircase. 

When the counters are in the 000 state, the digital-to-analog con­
verter output voltage (E2) is zero. When E:l and a positive input 
voltage (El) are applied to the summing network (Rt and R2), a 
positive voltage representing an out-of-balance signal appears at the 
summing point. 

The clock period of one millisecond is divided into two parts. 
During the first part (approximately 500 microseconds), grounding 
switches at the input and output of the amplifier are closed, causing 
a no-signal condition at the counters and allowing the input and out­
put capacitors to charge to their steady-state values. During the 
second part of the clock period the switches open, allowing the posi­
tive out-of-balance signal to be amplified as a positive-going pulse. 
The series diode Dl passes this pulse to the counters, causing a 
count of 00 1 to appear. This causes the output of the digital-to-analog 
converter to go negative by 1 / 1 000 of the reference voltage. This 
completes the action of the first clock-pulse period. 

The process is duplicated again in the second clock period. During 
the first part of the second period the switches are closed to estab­
lish O-volt reference. In the second part of this period, they are 
opened, and a positive out-of-balance signal condition at the summing 
point will then initiate another count. The meter will try again for 
balance. 
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If the voltage to be measured is in range, then at some count be­
tween 000 and 999, a null or slightly negative voltage will be obtained 
at the summing point. At this time, more pulses can pass to the 
counters through Db and the meter reaches equilibrium. 

At equilibrium, the display time generator starts its functions to 
hold the final-state displays of the counter for a time, depending on the 
setting of the display time control and/or manual recycle button_ It 
also (not shown in Fig. 4-3 1 )  locks out pulses from the amplifier so 
that stray noise spikes or removal of the probe will not cause spurious 
readings. At the end of the display cycle, the counters are reset, and 
the meter repeats the entire cycle just described. 

In the case of a wrong-polarity input signal, a negative-going pulse 
will appear at the output of the amplifier during the second half-cycle 
of the first sampling period (counters at 000). Dl prevents them from 
counting. However, the other diode (D2) passes the negative pulse 
and triggers the change-sign flip-flop. This lights the Change-Sign 
lamp. Reversing the polarity switch reverses the sense of the digital­
to-analog converter output and the sense of the amplifier output, so 
that a negative out-of-balance signal at the summing point will initiate 
a count, and each count will produce a positive step at the digital-to­
analog converter output. 

Fig. 4-32 shows the seven-bar display arrangement. The seven bars 
are arranged to form numerals. Any number from zero through nine 
can be formed with the proper combination of bars. For example, to 
form the number 3, lamps B and E do not light, but the remaining 
lamps, A, D, G, C, and F, do light. The lamps are turned on or off 
by driver transistors which, in turn, are controlled by the decade 
counter flip-flop circuits. Each of the three numerals is provided with 
a separate seven-bar display. 
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5 
Typical Differential Meter Circuits 

This chapter is devoted to typical differential meter circuits. While 
the basic operating principles of all differential meters are the same, 
as discussed in Chapter 2, the circuits used in the various meters 
differ considerably. 

MODEL 823A 

The instrument selected for discussion is manufactured by the 
John Fluke Mfg. Co. ,  Inc., Seattle, Washington, and is designated as 
their Model 823A. It is representative of the basic differential-meter 
principle in that it will measure both alternating current and direct 
current, as well as high resistances, on a differential basis. A photo­
graph of the unit is shown in Fig. 5-1  and an overall block diagram 
is shown in Fig. 5-2 .  

Basic Theory of Operation 

As shown in Fig. 5-2, the circuit consists basically of an a-c to d-c 
converter, a d-c vacuum-tube voltmeter (vtvm), and a 0- to 500-volt 
d-c reference. Overall operation of the 823A can be summarized as 
follows : 

To measure the approximate value of a d-c voltage, the unknown 
voltage is connected directly to the d-c vtvm. The a-c to d-c converter 
and 0- to 500-volt reference supply are then cut out of the circuit. 
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To accurately measure a d-c voltage using the differential principle, 
the unknown voltage is connected across the series combination of 
the d-c vtvm, and the 0- to 500-volt reference supply. The reference 
voltage is then adjusted with the five voltage-readout dials until it 
matches the unknown voltage that is indicated by the null on the d-c 
vtvm. The unknown voltage is then read from the reference voltage 
dials. 

All a-c measurements are made by first converting the a-c input 
voltage to a d-c voltage by means of the a-c to d-c converter. The 
823A then operates essentially the same as for direct current. The 
following paragraphs provide a detailed analysis of the Model 823A 
circuits. 

D-C Vacuum-Tube Voltmeter Circuits 

The d-c vtvm is composed of an attenuator, a null detector, and a 
meter. (See Figs. 5-3, 5-4, and 5-5 .) The heart of the d-c vtvm is the 
null detector in which the d-c signal input is modulated, amplified, 
rectified, and finally filtered to produce a d-c output. The chopper­
amplifier portion of the null detector has a high amount of negative 
current feedback. This makes the output current approximately equal 
to the signal voltage divided by the impedance of the feedback net­
work, regardless of the amplifier characteristics. The high negative 
feedback also makes the amplifier relatively insensitive to the gain 
changes in individual stages due to aging and replacement. The output 
current from the null detector is indicated on a meter that has taut­
band suspension. This suspension does away with all friction associ­
ated wit hmeter pivot stickiness. 

Null-Detector Circuit-At the input of the null detector (see Fig. 
5-3), R20 1 ,  C20 1 ,  R202, and C202 form a double section, low-pass 
filter that reduces any a-c component present on the d-c voltage being 
measured. The difference between the voltage appearing at the output 
of the filter and the voltage developed across the feedback network 
is converted to an alternating voltage by V20 1 and V202, a series­
shunt photochopper. The photochoppers are driven by an astable 
multivibrator operating at 84 cps to prevent interference from line­
frequency pickup. The chopped voltage is amplified by solid-state 
amplifier Q20 1 through Q205 before being delivered to demodulator 
photocell V203. During half the chopper cycle the output of the 
amplifier is clamped close to the null-detector common potential by 
V203. During the other half-cycle the output is filtered by R22 1 and 
C2 1 1  to provide a d-c output. 
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Fig. 5-4. Schematic of an input attenuator circuit. 

To prevent loading of the chopper amplifier, especially at high 
temperatures, the filtered output is fed to unity-gain amplifiers Q206 
and Q207 which supply the necessary meter current. The voltage 
developed across feedback network R203, R204, and R20S is pro­
portional to the meter (output) current. When DS202 illuminates 
V202, its resistance drops from about SO megohms to S kilohms, and 
the amplifier input is equal to the feedback voltage. When DS203 
illuminates V20 1 ,  its resistance drops from about SO megohms to S 
kilohms and the amplifier input is equal to the output voltage from 
the input filter. 

The impedance of the feedback network (R203, R204, and R20S) 
is adjustable between 9.28 and 10.S ohms. Since the output current 
is approximately equal to the signal voltage divided by the impedance 
of the feedback network, a 1 -mv signal voltage indicates an output 
current of 9S . 1  to 1 08 iJ-a. The output current is adjusted to 100 iJ-a 
during calibration by means of the feedback network. Thus, current 
feedback makes the output current essentially proportional to the 
signal voltage. For full-scale deflection, a 1 -mv signal voltage will 
cause 100 iJ-a to flow through the meter. 

A recorder output is picked off divider string R224, R 1 ,  and R22S. 
Output level control R1 provides a means of adjusting the output 
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voltage up to a maximum of at least 1 8  millivolts at full-scale deflec­
tion. The voltage at the output terminals is proportional to the meter 
reading. 

Variable resistor R2 12 provides a means of adjusting the output 
current of the amplifier to zero when there is no input signal by 
utilizing the negative bias voltage on the emitter of Q20 1 and the 
positive bias voltage on the emitter of Q20S . The gain of the amplifier 
is adjusted by means of R20S in the feedback circuit. 

Input A ttenuator Circuit-In the d-c vtvm mode, four positions 
on the vtvm attenuator (Fig. S-4.) selected by range-switch section 
S2C provide the necessary reduction of the SOO-, SO-, S-, and O.S-volt 
ranges for proper null-detector input. For this mode the resistance 
of the attenuator, and thus the input resistance of the 823A, is 50 
megohms (R2 through R6). 

In the d-c differential mode, the voltage difference (unknown 
voltage minus reference voltage) is reduced by four positions on the 
vtvm attenuator selected by null switch sections S3C and S3D to give 
full-scale deflections corresponding to inputs of 10, 1 ,  0. 1 ,  and 0.01 
volts . For full-scale deflection corresponding to 0.00 1 volt the voltage 
across the attenuator is fed directly to the null detector. Although 
the resistance of the vtvm attenuator is 10 megohms (R6 through R 1 1 )  
for the 10-, 1 -, 0. 1 -, and O.O l -volt null ranges, and 1 megohm (R7 
thru R l l ) for the O.OO I -volt null range, this is not the actual resist­
ance of the 823A. 

NOTE: The input resistance of most differential voltmeters is de­
termined by dividing the unknown terminal voltage by the current 
drawn from the unknown. The current drawn from the unknown 
is equal to the difference between the unknown terminal voltage 
and the internally known voltage divided by the resistance of 
the input attenuator. Since the reference voltage is equal to the 
unknown voltage and the source voltage at null, no current is 
drawn from the unknown; the input resistance is therefore in­
finite. 

In the a-c vtvm mode, null switches S3C and S3D, and a-c/d-c 
switch sections SSH provide connection to only one position on the 
vtvm, regardless of where the range switch is set. This is because the 
output of the a-c to d-c converter is S volts d-c for full input on each 
range. In the a-c differential mode, the voltage difference (converter 
output voltage minus reference voltage) is reduced by the same posi­
tions on the vtvm attenuator as for d-c differential measurements. 
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Because of this and the fact that the converter puts out 5 volts d-c 
for full input on each range, the null range used must be multiplied 
by the a-c null multiplier indicated by the range switch to find the 
full-scale difference between the unknown voltage and the reference 
voltage. 

The input impedance for the a-c vtvm and a-c differential mode 
depends upon the input impedance of the a-c to d-c converter and its 
attenuator. The input impedance is thus dependent on the setting of 
the range switch and is 1 megohm, 35 pf for the 500-volt a-c range; 
1 . 1  megohm, 35 pf for the 50-volt a-c range; and 1 megohm, 50 pf 
for the 5- and 0.5-volt a-c ranges. 

0- to 500-Volt Reference Circuit 

When the 823A is used for differential voltage measurements, an 
internal voltage is nulled or matched against an unknown voltage. 
An extremely accurate reference voltage is therefore required. This 
is obtained from the 0- to 500-volt reference. (See Figs. 5-5 and 5-6.) 
The 0- to 500-volt reference is composed of a well-regulated 500-volt 
supply, a range divider, and a Kelvin-Varley five-decade attenuator. 
The output of the 500-volt power supply is applied directly to the 
Kelvin-Varley attenuator for the 500-volt d-c range. In the 50-, 5-, 
and 0.5-volt d-c ranges the range divider reduces the voltage to 50, 
5, and 0.5 volts before it is applied to the Kelvin-Varley attenuator. 
For any a-c range, the range divider always reduces the voltage to 
5 volts. The Kelvin-Varley attenuator divides its input voltage (500, 
50, 5,  or 0.5 volts) into 50,000 equal increments, any number of 
which may be selected by setting the five decades with the voltage 
readout dials. The output of the Kelvin-Varley attenuator, therefore, 
provides an extremely accurate reference voltage. 

SOO-Volt Power Supply-The 500-volt power supply (Fig. 5-5) 
uses three diodes (CR I O I ,  CR I02, and CRI 03) and a filter network 
(R I 09, R l lO, C l O l ,  and C l 02) to supply unregulated d-c voltage 
to V I O L  The voltage is regulated by comparing a sample of the 
output voltage tapped off a divider string (R 123,  R 124, R 12 l ,  and 
R 1 2) with the voltage from reference tube V I 02 in differential ampli­
fier V l 04.  The control action of the differential amplifiers continu­
ously adjusts the voltage drop across V I O l  in order to keep the sample 
voltage equal to the voltage of the reference tube. Any difference in 
voltage or error is amplified by V I 04 and V I 05 ,  and thus changes 
the voltage drop across V I O l  to maintain the output at a constant 
500 volts. 
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For proper operation, a highly stable and accurate balance of 
amplification must be maintained between the two halves of differ­
ential amplifier VI04.  The filament supply for V I 04 must be regulated 
to maintain this balance. Regulation is provided by a transistor 
regulator which supplies constant voltage to the filaments of V I 04. 
(The filaments of the a-c to d-c converter tubes V50I and V502 are 
also supplied by this regulator.) A filtered, full-wave rectifier (CR 1 04, 
CRI 05, and C I 03), which is regulated by a three-transistor network 
(Q l ,  Q2, and Q3), supplies the regulated d-c filament voltage. One 
side of the filaments is connected to the reference-supply common (0 
volts), while the other side is maintained at approximately 5.9 volts 
through the emitter-collector junction of Q3. The output of Q I drives 
a Darlington connection of Q2 and Q3. Any variation in the unregu­
lated supply causes a corresponding change in the voltage across the 
emitter-collector junction of 3 so that the filament voltage of V 1 04, 
V50 1 ,  and V502 remains stable. 

Range Divider-In the 500-volt d-c range (Fig. 5-6), the output 
of the 500-volt supply is passed directly to the Kelvin-Varley attenu­
ator by range switch section S2F. In the 50-, 5-, and 0.5-volt d-c 
positions, range resistors (R320 through R330) selected by section 
S2E, divide the reference voltage to 50, 5, and 0.5 volts before it is 
switched to the Kelvin-Varley attenuator by section S2F. With the 
a-c/d-c switch set to a-c, section SSG provides connection to the range 
resistors that divide the reference to 5 volts. This signal of 5 volts is 
then passed to the Kelvin-Varley attenuator by section S5F. The 
voltage applied to the Kelvin-Varley attenuator is always 5 volts for 
alternating current because the a-c to d-c converter always supplies up 
to a maximum of 5 volts to the vtvm attenuator. 

Kelvin-Varley A ttenuator-In Fig. 5-6 the five Kelvin-Varley 
decade resistor strings R40 1 through R455 and associated voltage 
dials A through E (S6 through S I 0) provide a means of making the 
four precision voltages (500, 50, 5, and 0.5) adjustable. Note that 
each string, with the exception of the first, parallels two resistors of 
the preceding string. Between the two wipers of S6 (voltage dial A), 
then, there is a total resistance of 40K (80K paralleled by 80K). With 
the range switch in the 500-volt position, a total voltage of IOO volts 
d-c will appear across these two wipers. 

There will be 10, 1 ,  and 0. 1 volts d-c across the wipers of S7, S8, 
and S9, respectively. Voltage dial E (SI 0) picks increments of 0.0 1 
volt d-c from the last decade. These voltages are reduced by a factor 
of 1 0  for each lower voltage range. The Kelvin-Varley res,istors are 
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matched for both temperature coefficient and tolerance, thus provid­
ing an overall attenuator accuracy of 0.002 percent absolute. With the 
null switch in any null range the output of the Kelvin-Varley attenu­
ator is connected in series with the vtvm attenuator, providing the 
accurate 0- to 500-volt reference required. 

Reference Supply Adjustments-Variable resistor R 1 2 1  (Fig. 5-5) 
is used during calibration to set the 500-volt supply to 500 volts with 
calibrate control R 1 2  (Fig. 5-5) set at its center of rotation. This al­
lows the reference supply to be adjusted to 500 volts by means of 
the calibrate control at any time deemed necessary. With the operate­
calibrate switch held at calibrate, a fixed percentage of the 500-volt 
supply is compared with the precise potential of an internal standard 
cell or to a zener diode (Fig. 5-6) depending on the model. Any dif­
ference in potential is fed to the null detector to give an indication on 
the meter so that the 500-volt supply can be set with the calibrate 
control. The fixed percentage of the reference supply is set accurately 
during calibration by means of R3 1 8  (Fig. 5-6). The 50-, 5-, and 
0.5-volt range resistor networks are set accurately during calibration 
by means of R323, R326, and R329 (Fig. 5-6). 

A-C to D-C Converter Circuit 

The a-c to d-c converter is composed of an attenuator, an opera­
tional amplifier, and a rectifier-filter circuit. (See Fig. 5-7.) A diode 
in the rectifier filter circuit is used to convert the unknown alternating 
current into pUlsating direct-current, which is then filtered to obtain 
a d-c voltage that is proportional to the average value of the a-c input 
voltage. The output, however, is calibrated to indicate the rms value 
of a pure sine wave. 

An operational amplifier containing three resistance-capacitance 
coupled amplifier stages with high negative feedback is used to make 
the rectification characteristics of the diodes linear and stable. The 
amplifier achieves a midband loop gain of approximately 70 db with 
virtually a flat frequency response from 20 cps to 10 kc. The high 
negative feedback makes the amplifier practically noise-free and 
relatively insensitive to gain changes in individual tubes due to aging 
and tube replacement. 

At the output to the amplifier, full-wave rectification is used to 
return negative feedback to the grid of the first amplifier tube. The 
attenuator is used to reduce the a-c input voltage by a factor of 1 0  to 
1 00, as required to restrict the operational amplifier input to 5 volts 
maximum for full-scale inputs of 50 to 500 volts, respectively. 
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Circuit Operation-All a-c measurements are made by first con­
verting the a-c input voltage to a d-c voltage. The converter provides 
a d-c output of 5 volts when full-range voltage is applied in each a-c 
range. In the 5-volt a-c position, range switch sections S2G and S2H 
connect the input binding posts directly to the converter input. In 
this case the converter feedback is of such value that the d-c output 
voltage is equal to the rms value of the converter input a-c voltage. 
In the 500- and 50-volt a-c positions, an input attenuator reduces the 
unknown alternating current by a factor of 100 and 10, respectively. 
The operation of the converter is then the same as for the 5-volt 
position . In the 0.5-volt a-c position, range switch section S2I and 
section S2J provide connection to feedback resistors that allow the 
converter to produce an output that is equal to ten times the a-c input. 
Thus, an output of 5 volts d-c is provided for all full-scale inputs. 

Null Indications With A -C-Measurements-When making a-c dif­
ferential measurements, the null range used (times the applicable 
a-c null multiplier) must be used to represent full scale on the 832A 
meter. This is due to the way that the converter is designed. For the 
500-volt a-c range the converter produces a d-c output voltage equal 
to 1 / 1 00 of the a-c input voltage. Thus, the a-c null multiplier for the 
500-volt range position is X 1 00. For example, when the range switch 
is set to 500 and the null switch is set to 0.0 1 ,  full-scale meter deflec­
tion represents a one-volt ( 1 00 x 0.01 ) difference between the un­
known voltage and the amount set on the voltage-readout dials. By 
similar reasoning, the multipliers for the 50-, 5-, and 0.5-volt a-c 
ranges are X 1 0, X l ,  and XO. I ,  respectively. 

Converter Circuit Adjustments-For 0.5-volt converter gain, R536 
and R545 at the output of the converter are adjusted. The gain of the 
amplifier for the 5-volt range is adjusted by means of R542 and R54 1 
in the feedback network. The high-frequency response of the amplifier 
input is adjusted by means of C504, while C5 1 9  adjusts the high­
frequency response of the 0.5-volt feedback circuit. The attenuation 
of the 500-volt attenuator is adjusted with R535 and R544, and the 
attenuator high-frequency response is adjusted with C50 1 .  The at­
tenuation of the 50-volt attenuator is adjusted by R503 and R5 33 ;  the 
attenuator high-frequency response is adjusted by C523. 

A-C / D-C Polarity Switch Circuit 

The a-c/ d-c polarity switch is provided for selecting either the 
a-c or d-c mode of operation. The connections provided by this switch 
can best be understood by reference to the diagram of Fig. 5-8. 

8 1  



When the a-cjd-c polarity switch is set to a-c, the a-c to d-c con­
verter is switched into the circuit by sections S5K, S5L, S5M, and 
S5N. Also sections S5F and S5G are used to switch 5 volts d-c to the 
Kelvin-Varley divider. When in the a-c vtvm mode, S5H is used to 
provide proper attenuation of the d-c attenuator. 

The a-c/d-c polarity switch may be set to either of two positions, 
positive or negative, for the d-c mode of operation. As shown in Fig. 

I NP UT 

J l 

I NPUT 
ATTENUATOR 

J2 
VTVM NULL 

Cl � O.47mf 

NULL 
DHEeTOR 

POlAR ITY 

Fig. 5·8. Function diagram of a polarity switch. 

5-8, the a-c/ d-c polarity switch does not reverse the input posts when 
going from the positive to negative d-c position. Instead, it reverses 
the meter and the internal reference supply. If the instrument did 
not contain positive and negative d-c positions, the grounded side of 
any unknown voltage that is negative with respect to ground would 
have to be connected to the upper-input binding post. This would 
ground the upper post and effectively place C l  across the input 
terminals. Even if C l  were disconnected, there would still be con­
siderable capacitance across the input due to transformer winding 
capacitance and stray wiring capacitance. With this capacitance 
across the circuit being measured, several problems would arise. The 
polarity switch provides equal convenience in measuring positive or 
negative voltages without the occurance of these problems. 

Differential Voltmeter Applications 

A differential voltmeter is well adapted for the measurement of 
resistance. There are two basic procedures, one of which is well 
suited for measurement of resistances above 1 megohm, while the 
other is better suited for precision measurement of lower resistance 
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Fig. 5·9. Method for measuring standard resistors. 

values. The following sections describe how a differential voltmeter 
can be used to make such resistance measurements. 

Measurement of Standard Resistors 
It is possible to make accurate resistance measurements of lower 

value ( 1  megohm or less) resistors by comparing the voltage ratio 
between a standard resistor and the unknown resistor to be measured. 

If a standard resistor Rs is connected in series with the unknown 
resistor (Rx) as shown in Fig. 5-9, and the current through both resis­
tors is the same, the ratio of the voltage drops, as determined by the 
differential voltmeter, is the same as the ratio of their resistances . 

To obtain accurate and valid results it is essential that the current 
(I) remains constant throughout the measurement. This is easily 
verified by repeated measurements of the voltage drop with Rs and 
Rx alternately connected in the circuit. 

The accuracy of resistance measurements using this method de­
pends on the accurac,y of the voltmeter and standard resistor. 

The accuracy and resolution of the voltmeter used will be a prime 
factor in determining the measurement accuracy. If the ratio of the 
resistors is such that the voltage drop across Rx and R. is measured on 
the same voltage range, then the basic error of the voltmeter will can­
cel out. If, for example, the voltmeter had a specified accuracy of 
better than ±0. 1 percent, and the voltmeter was in error by +0.005 
percent, then the value of the unknown resistor (Rx) would be 

Rx = Ex (1 + 0.005 % )  (R.) E. ( 1  + 0.005 % )  or 

indicating that the error of the voltmeter cancels out. The error con­
tributed by the voltmeter will consist only of the error caused by the 
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linearity characteristics of the Kelvin-Varley divider. If the ratio of 
resistors Rx to Rs is large enough that the voltage measurement re­
quires a voltmeter range change, then it is necessary to consider the 
basic error contributed by the voltmeter. This illustrates the need 
for knowing the capabilities and limitations of the voltmeter and 
compensating for these limitations by knowing the errors associated 
with your voltmeter. The resolution of the voltmeter must also be 
known. 

NOTE : Resolution is defined as the smallest quantity discernable 
using a given measurement-device. The resolution of any mea­
surement should always be greater than the accuracy expected. 

Standard resistors can be obtained which typically provide calibra-
tion accuracies of ±0.005 percent, or better, and will remain within 
50 parts per million of their certified value over a temperature range 
of 20° to 30° centigrade . The power coefficient of the resistors used 
is an important factor when attempting accurate measurements. 
Tables 5-1  and 5-2 indicate the current and power permissible for 
standard resistors as determined by the degree of accuracy required. 
It is suggested that the values of current and power indicated in 
Tables 5- 1  and 5-2 be considered as guidelines in order to minimize 
the possibility of errors caused by self-heating in the resistors being 
measured. 

The following example is intended to give an idea of the results 
obtainable by measuring resistors with a precision differential volt­
meter. 

Measurement of a 1 0-ohm standard resistor 

Rs = value of the standard resistor = 1 0.000 ohms. 
Es = voltage drop across the standard = 1 .0000 volt. 
Ex = voltage drop across the unknown = 1 .0035 volt. 

Rx = �: (Rs) = �:gg�� ( 1 0.000) = 1 0.0035 ohms. 

Accuracy of standard resistor = ±0.005 % . 
Accuracy of the voltmeter Kelvin-Varley divider = ±0.002 % . 

Total inaccuracy of the measurement ±0.007 % .  
The total error of the measurement is shown as the sum of the 

standard resistor and voltmeter errors. 

One of the major advantages of this type of measurement is that 
the circuit under test need not be disturbed. Therefore, there is no 
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Table 5- 1 .  Maximum Current and Power for 
Certificate Limit of Error 

Resistance Current Power 

(ohms) (amperes) (WaHs) 

1 0.3 0.09 
1 0  0.1 0.1  
1 00 0.03 0.09 
1 000 0.01 0.1 
1 0,000 0.003 0.09 
1 00,000 0.001 0.1  

loading effect, and the lead and contact resistances have no effect. 
This type of measurement is well suited for the measurement of four 
terminal resistors that are part of complicated networks. However, 
the measurement circuit should be grounded at only one point to 
prevent the possibility of ground loops. 

Table 5-2. Maximum Current and Power for 
± O.02-Percent Limit of Error 

Resistance Current Power 

(ohms) (amperes) (waHs) 

1 1 .0 1 .0 
1 0  0.3 0.9 
1 00 0.1 1 .0 
1 000 0.03 0.9 
1 0,000 0.01 1 .0 
1 00,000 0.003 0.9 

Measurement of High Resistance 

Differential voltmeters provide a feature that allows them to be 
used for the direct measurement of high resistances. The use of a 
differential voltmeter for this purpose provides a convenient and 
rapid method for 'measuring resistances from 1 megohm to 250,000 
megohms. The applications for this type of measurement include the 
measurement of leakage resistance of capacitors, transformers, and 
insulators. 

Fig. 5-10 shows the basic circuit configuration for accomplishing 
the measurement. This circuit consists of a known power supply volt­
age that can be selected by the voltage range switch and applied to a 
precision Kelvin-Varley divider. The setting of the Kelvin-Varley 
divider determines the exact voltage that is applied across the null 
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detector connected in series with the unknown resistance, Rx. The 
input impedance of the null detector (which is usually on the order 
of 1 or 10 megohms, depending on the null range setting and the 
model of the instrument) is used as the standard resistor (Rx) in the 
circuit. 

The measurement of resistance with a differential voltmeter is a 
direct application of Ohm's law : the measurement of the current 
through the unknown resistance and the voltage drop across it. With 
an unknown resistor connected to the input terminals of a differential 
voltmeter, the current through the unknown resistance is equal to 
the voltage indicated by the null detector divided by the null-detector 

R
x �; "TERMINALS 

KElV IN-VARLEY DIVI  DER 

Fig. 5-10. Method for measuring high resistances. 

input resistance. Likewise, the voltage drop across the unknown re­
sistance is equal to the voltage measured on the Kelvin-Varley divider 
minus the voltage indicated by the null detector. 

Since R=E/I, the voltage drop across the unknown resistance di­
vided by the current through the unknown resistance is equal to the 
unknown resistance value. 

For practical measurements, it is recommended that resistances 
up to 50,000 megohms be made with the null-detector meter needle 
at end (full) scale. With the most common differential voltmeter, the 
current will be known to within approximately 4 percent (3 percent 
from the null detector and 1 percent from the null-detector input 
resistance). 

However, the accuracy of the measurement depends not only on 
the accuracy of the current through the circuit, but also on the per­
centage of the applied voltage that is dropped across the unknown 
resistance, compared with the voltage dropped across the null de­
tector. For example, if the Kelvin-Varley dials indicated 1 . 1  volts, 
and the null detector indicates an end-scale reading of 1 .0 volt (as-
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suming a 1O-megohm input resistance), then using the following 
equation we can determine the value of the unknown resistance, Rx : 

where, 

Rx = unknown resistance in megohms, 
E = voltage indicated on the Kelvin-Varley divider, 
Em = voltage indicated on the null detector, 
Rn = resistance in megohms of the null detector. 

If we compute the value of Rx, we find it to be 1 megohm : 

1 0  R x  = T ( 1 . 1  - 1) = 10  x 0. 1 = 1 megohm 

But, if we recompute it, assuming that the null detector voltage read­
ing is in error by +3 percent, we find that the value of Rx to be low by 
32 percent. Although the accuracy of the null detector is +3 percent, 
this 3 percent error in 1 volt represents 32 percent error in the 0. 1 
volt dropped across the unknown resistance. Conversely, we see that 
as the ratio of voltage drop across the unknown resistance becomes 
large with respect to the voltage drop across the null detector this 
error will be practically eliminated. 
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6 
Typical Integrating 

Digital-Meter Circuits 

This chapter is devoted to typical integrating digital-meter circuits. 
While the basic operating principles of all integrating digital meters 
are the same, it was shown in Chapter 1 that the circuits used in the 
different meters vary considerably. 

MODEL 5 1 0  

The instrument selected for discussion is manufactured by Vidar 
Corporation, Mountain View, California, and it is designated as their 
Model 5 1 0. It is representative of the basic integrating meter principle 
in that it combines two instruments in one (a voltage-to-frequency 
converter and a frequency counter) to provide a direct-reading digital 
display of an input voltage integrated over the gate (sampling) time 
selected. A step attenuator provides six calibrated full-scale sensitivity 
settings from 10 millivolts to 1 000 volts . Fixed gate times of 1 0  msec, 
1 00 msec, and 1 second are available, or any desired gate time may 
be used from an external source. Counter sensitivity of 0. 1 to 100 
volts rms up to 300 kc is available with both front and/ or rear inputs. 
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An internal preclslon ± I -volt calibrating source is controlled from 
the front panel for both checking and calibrating the instrument. 

The binary-coded decimal (bcd) output on the standard 5 1 0  is 
the 1-2-4-8 code (with "0" positive) and is available at a connector 
located on the rear panel. Bcd outputs are provided for five digits, 
decimal location in negative exponents of ten, and the measurement 
units of plus volts, minus volts, or frequency. This connector also 
supplies a readout command and accepts a readout hold signal. A 
photograph of the unit is shown in Fig. 6- 1 .  

+ I -
. . M V  .:; 

' .�" .-

Courtesy Vidar Corporation 

Fig. 6·1 . Vidar Corp. Model 5 1 0  integrating digital voltmeter. 

Basic Theory of Operation 

The overall theory of operation is best understood by referring to 
the block diagram of Fig. 6-2 . Surrounding most of the instrument is 
an outer shield which is formed by the instrument sheet-metal ex­
teriors (Fig. 6-3). Contained within the outer shield and enclosing the 
voltage-controlled oscillator (vco) of the Model 5 1 0 is a guard shield.  
In operation the guard shield is connected to source ground. The effect 
of the guard shield is to prevent the flow of common-mode currents 
in the input circuit. (Common-mode signals are discussed in later 
sections.) Contained within the guard shield is an inner shield. The 
inner shield is connected to the common rail of the vco power supply 
and forms an electrostatic shield for internally generated a-c voltages. 
Within the inner shield is the vco proper. Multiple-shielded transfor­
ers provide for the coupling of a-c power to the vco and coupling of 
the pulse train output to the counter section of the instrument, while 
maintaining the triple shielding. 
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Basic VCO Circuit-The vco consists of a preamplifier, a voltage­
to-frequency converter, and a regulated power supply. The preampli­
fier is shown in block diagram form in Fig. 6-4. The preamplifier con­
sists of an error amplifier and a precision divider (step attenuator) and 
operates in either of two modes, potentiometric or operational. The 
error amplifier is a high-gain, chopper-stabilized, low-pass, inverting 
amplifier. The input (source) signal is applied between the error 
amplifier input and an adjustable tap on the precision divider, for the 
millivolt ranges, or the inner shield for the volt ranges. An amplified 
output signal-out of phase with the input signal-appears at the 
preamplifier output terminals. 

In the potentiometric mode, where the millivolt ranges are used, a 
fraction of the output signal appears at the junction of the precision 
divider resistors (R l and R2). This divided output signal is fed back 
in opposition to the input signal. Since the error amplifier has very 
high gain, the divided output signal must very nearly equal the input 
signal. This is true because any difference in magnitude between the 
two signals will cause a corrective change in the preamplifier output 
signal. Therefore, the voltage gain of the preamplifier is very nearly 
equal to the division ratio of the voltage divider (R I -R2), and since 
the input signal is opposed by an equal-amplitude, opposite-phase 
signal, the input current required is essentially zero. Thus the input 
resistance is very high. 

In the operational mode, where the volt ranges are used, the func­
tion is the same as just described except that the opposing signal is 
a current to balance the one provided by the input signal. The high 
gain of the error amplifier in this case affords essentially a zero input 
impedance at the mode. The preamplifier therefore has an input re­
sistance essentially equal to R 1 and a gain of the ratio of R2 to R 1 .  

Contained within the error amplifier is a nonlinear feedback net­
work. This internal feedback becomes effective only when the input 
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Fig. 6-4. Block dilgrlm of Model 5 1 0. 
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signal exceeds a predetermined limit. When this limit is exceeded, both 
the gain and input resistance of the error amplifier are greatly reduced, 
thus preventing further increases in either amplifier input or output 
voltages. The effect of the nonlinear feedback is to prevent overload­
ing of the error amplifier by abnormal input signals. Within a few 
milliseconds following removal of the abnormal input the internal 
feedback drops out and normal preamplifier operation is restored. 

INPUT 
� 

I NPUT 5 I GNA L.o--'V\f\,---i (FROM PREAMP OUTPUT) 

CONTROL 
AMP 

1--+-0<)+ OUTPUT 

t----o<)- OUTPUT 

Fig. 6-5. Block diagram of voltage-to-frequency converter. 

The output of the preamplifier is fed to the voltage-la-frequency 
converter (vfc) which is shown in block diagram form in Fig. 6-5. 
A current proportional to the preamplifier output voltage is applied 
to an integrating capacitor. The nearly constant current applied to 
the capacitor causes the voltage across it to increase linearly with time 
(assuming that there is a positive output from the preamplifier). The 
output of the control amplifier, therefore, falls linearly (the control 
amplifier inverts) until the output becomes sufficiently negative to 
allow the controlled multivibrator (cmv) to produce one pulse. This 
pulse, applied to the positive charge dispenser, causes it to send a 
charge into the integrating capacitor. This in tum causes the voltage 
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across the capacitor to decrease. This action results in the waveform 
across the capacitor having a sawtooth shape. The resultant decrease 
in output voltage from the amplifier causes the cmv to stop oscillating 
until the amplifier output voltage again reaches the triggering level. 
The voltage appearing across the integrating capacitor is kept at a 
very low level because of the high gain of the control amplifier. To 
keep this voltage low the average current from the charge dispenser 
must be equal to Q (the charge quantum per cycle) and time, F (the 
number of charge quanta per second). Consequently, the frequency is 
precisely proportional to the input current. The accuracy of the system 
thus depends on maintaining the charge quantum precisely constant 
and keeping the voltage across the integrating capacitor very small, 
so that the input current is proportional to the input voltage. 

If the input signal is of negative polarity, the integrating capacitor 
tends to charge in the negative direction. Consequently, the output 
of the control amplifier is positive, causing the negative rather than 
the positive charge dispenser to operate. The quantum charge from 
the negative charge dispenser is of opposite sign to that from the 
positive charge dispenser and therefore again tends to reduce the 
voltage appearing across the integrating capacitor. The pulse-train 
outputs are derived from the standard charge dispensers (scd) by 
means of transformers. Since only one scd operates at a time, there is 
only one pulse-train output at any given time. 

The counter section is shown in block diagram form in Fig. 6-6 . 
This circuit consists basically of a combining circuit and a conven­
tional 300-kc counter. 

The combining circuit adds the pulse trains from both the positive 
and negative outputs of the vco and provides a single pulse train 
equal to the total . The vco output, which at any instant is providing 
the pulses, is sensed and used as a polarity indication. The combined 
output is discriminated in the overload circuit, the output of which 
controls a relay. When an overload exists, the relay is de-energized 
and the numerical Nixie display is extinguished and the word Overload 
appears in the lower-left corner of the display window. The combined 
output is also delivered to the counter input through the Gate Time 
switch when in the voltmeter sector. In the frequency sector the 
counter is connected to the output of a 300-kc bandwidth preampli­
fier, whose input is connected through an attenuator to the counter 
input. 

To describe the general operation of the counter, let us consider 
that the Reset one-shot has been triggered in some manner. The 
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reset pulse acts to ( 1 )  reset the display one-shot to its relaxed state, 
(2) reset the control flip-flop to the stop state through OR gate B, (3) 
clear all the controlled decade dividers to zero (this does not include 
the stored numbers), and (4) inhibit AND gate A. 

On completion of the reset pulse, if there is no external inhibit sig­
nal, the condition of AND gate A is totally determined by the output 
of the time base through the two uncontrolled decade dividers. There­
fore, the first true pulse from the time base sets the control flip-flop 
to the start condition through OR gate A. This control condition opens 
AND gates B and C. The input signal which has been squared and 
differentiated is now counted through the five display decade dividers. 
The time base pulses are also decade divided and the desired division 
is selected with the Gate Time switch. When a pulse appears at the 
output of the selected time-base decade divider, the control flip-flop 
is reset to the stop condition through OR gate B. 

This stop condition then initiates a trigger to both the transfer one­
shot and the display one-shot. The transfer one-shot pulse, if the 
storage feature is being used, transfers the count accumulated in the 
display decade dividers to storage and the Nixie tubes. If the Follow 
state is used, the count is continuously carried on the display. The 
display one-shot, when set by the stop as previously discussed, starts 
the Display Time, which is controlled at the front panel and inhibits 
AND gate A. At the end of the display one-shot period the reset one­
shot is again triggered to start a repetition of the cycle. Note that at 
any time during the entire cycle described, a reset pulse will stop the 
cycle and restart it at the beginning. External controls can initiate 
certain conditions as shown in the block diagram. 

Preamplifier Circuits 

The overall operation of the preamplifier is best understood by 
reference to Figs . 6-7, 6-8, and 6-9 (Note : Fig. 6-7 is located on 
foldout page at end of book ) .  As previously discussed, the pre­
amplifier consists of an error amplifier and a precision divider (step 
attenuator). The error amplifier is a high-gain, chopper-stabilized, in­
verting d-c amplifier. Resistors R5 through R9 (Fig. 6-7) comprise the 
potentiometric precision divider, while R I O, RI l ,  R3, and R30 form 
the operational precision divider. The error amplifier is comprised of 
a wide-band amplifier (Fig. 6-8), a chopper amplifier (Fig. 6-9), and 
a chopper (Fig. 6-7). 

The precision attenuator has six positions, three for the potentio­
metric mode and three for the operational mode. The desired pre-
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amplifier gain is selected by the appropriate position of the three-pole 
switch (S I OA-C), which is maximum in the 10-millivolts ( potentio­
metric) position and minimum in the 1000-volts (operational) po­
sition. The input to the preamplifier is applied between the terminals 
marked Signal Input Lo and Hi. The terminal marked Hi is con­
nected to a tap on the precision divider in the potentiometric mode 
and to internal common in the operational mode. The terminal marked 
Lo is connected to the error amplifier through a combination of series 
resistors ( R I ,  R2, and R4 ) and fuses (F2 and F3 ) in the potentio­
metric mode and to the input resistor (R I 0) in the operational mode. 
Resistors R I ,  R2, R4, R 1 2, and R3 1 and capacitors C5 and C I O  
along with RC network R20 I -C20 I provide high-frequency stabiliza­
tion for the error amplifier. 

Back-to-back diodes CR I and CR2 in conjunction with fuses F2 
and F3 provide protection for the error amplifier in case of heavy 
overload ( in normal operation the diodes do not conduct) .  R202 lim­
its the current applied to the error amplifier in case of heavy overload. 
At the right end of R202, the error-amplifier input signal is split in 
terms of frequency. 

The signal components from direct-current to about 1 5  cps are 
applied to the chopper amplifier via R203 and the input section of 
chopper K I .  Alternating-current signal components are capacitively 
coupled (C2 1 8-R235-C2 19) to the first section of the wide-band am­
plifier, which amplifies signals in the range from about 1 5  cps to 
several hundred kilocycles. 

The filter network of R203 and C204 prevents spikes associated 
with the action of the chopper from reaching the wide-band amplifier. 
This amplifier is a cascade of three individual amplifier sections. The 
first amplifier section is a single-stage, inverting a-c amplifier. The first 
amplifier section, as do the second two sections, uses local negative 
feedback to ensure gain stability. The second amplifier section is a 
two-stage, noninverting d-c amplifier. The second amplifier section 
amplifies both the 1 5  cps to 100-kc output of the first amplifier sec­
tion and the d-c to I S-cps output of the chopper amplifier. The third 
amplifier section has a relatively high output current capability. This 
capability is required to drive the parallel combination of the pre­
cision divider section, the vco section, and the overload circuit. 

The chopper amplifier operates in conjunction with chopper K l  
and consists of two individual amplifier sections. The first amplifier 
section is a two-stage, non inverting a-c amplifier. The first amplifier 
section, as does the second, uses local negative feedback to ensure 
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gain stability. The second amplifier section is a three':'stage amplifier 
and phase inverter. The operation of the chopper-amplifier combina­
tion is best understood by imagining a small positive d-c voltage 
present at the input of the error amplifier (the small positive voltage 
might be due to a difference between the tap on the precision divider 
and the input signal voltage). The chopper is driven at line frequency 
(50 to 60 cps), and the chopper arms are energized in phase (as 
drawn, both arms are either up or down), The arm of the chopper 
input section (the input of the chopper amplifier) is therefore con­
nected alternately between the small positive d-c voltage and a point 
which is near zero potential. 

It should be noted that the upper contact of the chopper input 
section is not at zero potential, due to the d-c drop across R22. The 
voltage drop across R22 is adjusted by means of potentiometer R32 1 
such that the potential between the chopper input-section contacts 
is zero with no input to the preamplifier. 

The input to the chopper amplifier is therefore a series of line-rate 
pulses with peak-to-peak amplitude equal to the small positive d-c 
voltage (error voltage). These pulses are then amplified and phase­
inverted by the chopper amplifier. The chopper-amplifier output 
signals are designated as phase A and phase B. Phase A is in phase 
with the chopper-amplifier input, while phase B is 1 800 from it. 
Divider networks R326-R327 and R328-R329 bias the two output 
phases to an average positive level. The chopper-amplifier input and 
output waveforms are shown in Fig. 6- 10. 

Note that the waveforms are not symmetrical square waves. The 
chopper is constructed so that the contacts in the input section are 
closed for 45 percent of the line period, while the contacts on the 
output section are closed for 35 percent of the line period. Connection 
to the output section of the chopper is made in such a way that the 
chopped arm alternately samples 35 percent of line-period portions 
of the phase A and phase B outputs. The waveforms at the output 
section of the chopper are shown in Fig. 6- 1 1 . 

Note that the chopper output, relative to the d-c bias level, is an 
average negative d-c voltage (the output of the chopper is inverted 
relative to the input). 

The chopper-amplifier output is applied to a low-pass filter (re­
sistors R226, R220, R2 19,  R2 1 8, and capacitors C2 1 4, C2 1 1 , C2 1 2) .  
The smoothing action of the low-pass filter removes the a-c com­
ponent of the chopper-amplifier output (the a-c component is due to 
noise in the chopper amplifier). The output of the low-pass filter is 

1 00 



CHOPPER 
AMPLIFIER 

I NPUT 

I 
r L iNE PER IOD � 45'1> OF L INE PERIOD 

(A) Input. 

PEAK-TO-PEAK VOLTAGE EQUAL 
TO D-C LEVEL AT R IGHT END OF 
R2D2 (ERROR VOLTAGE) 

CHOPPER � T 
AMPLIF IER - - - -- -- - - -- - -- - - - - - - - -�- - ��i�� I�����TU�ORKS OUTPUT -L 
IPHASE AI 

X - PEAK-TD-PEAK AMPLITUDE 
PROPORTIONAL TO THE 
ERROR VOLTAGE AND GA I N OF 
CHOPPER AMPLIF I ER 

(B) Output phase A. 

CHOPPER 
AMPLIFIER b---D- _ _  [] '�:r::,,[CCC0 n m  -mI 

1 -_ TlME 

(C) Output phase B. 
Fig. 6-10. Diagram of chopper waveforms. 

combined (via resistor R2 1 O) with the output of the first amplifier 
section of the wide-band amplifier. Also combined at this point is the 
output of the start circuit (0305). 

The operation of the start circuit is as follows. 0305 functions as 
a synchronous rectifier by clamping to zero (common) potential alter­
nate half-cycles of the pulse waveform which appear at the output of 
the first amplifier section of the chopper amplifier. The base of 0305 
is driven (via CR301  and R3 1 3) by a 6-volt a-c line rate signal. This 
same signal energizes chopper K1 . 0305 conducts during alternate 
half-cycles of the line-rate drive signal. The waveform at the junction 
of R309 and R3 1 1  is shown in Fig. 6- 12 .  

This waveform i s  applied to low-pass filter (R309-C209). The 
d-c voltage across C209 is proportional to the chopper amplifier input 
voltage, while the a-c voltage across C209 is proportional to the 
change of chopper-amplifier input voltage. The start circuit makes use 
of the a-c signal across C209. This signal is summed (via C208-R209) 
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with the filtered chopper-amplifier output and the output of the first 
amplifier section of the wide-band amplifier. The a-c signal across 
C209 anticipates a change of voltage at the filtered output of the 
chopper amplifier. A greater time is required to change the voltage 
at the output of the chopper amplifier. This is due to the relatively 
long time constant of the chopper-amplifier output filter, it is com­
pounded by the saturation of the second amplifier section of the 
chopper amplifier. This occurs when the instrument is first turned 
on_ The anticipating signal derived from the start circuit enables the 
error amplifier to reach a stable operating condition following the 
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initial condition which exists when power is first applied to the 
instrument. 

The combined outputs of the start circuit, the chopper-amplifier­
chopper combination and the first amplifier section of the wide-band 
amplifier, are amplified by the second and third (output) sections of 
the wide-band amplifier. The output stage of the wide-band amplifier 
consists of a complementary symmetrical emitter-follower connected 
between + 1 2  volts and - 1 2  volts. It is desirable to restrict the pre­
amplifier output range to a value slightly in excess of the normal 
operating range (+6.25 volts to -6.25 volts). Restriction of the 
preamplifier output range is accomplished by the overload circuit. 
The effect of the restriction is to decrease the susceptibility of the error 
amplifier to overload from abnormal input signals. 

Operation of the overload circuit is as follows. Current flows 
through zener diodes CR2 10 and CR2 1 1  via resistors R232 and 
R233 ,  respectively (note that R232 and R233 are returned to + 1 2  
volts and - 1 2  volts, respectively, and that the junction of CR2 10 
and CR2 1 1  is returned to the preamplifier output) . The voltage at the 
junctions of R233-CR2 1 1  and R232-CR2 10, therefore, differs from 
the preamplifier output voltage by the zener voltage (6.S volts ± 5  
percent). The voltage at the junction of R233-CR2 1 1  i s  6 .S volts 
negative with respect to the preamplifier output, and the voltage at 
the junction of R232-CR2 10 is 6 .S volts positive with respect to the 
preamplifier output. Therefore, the voltage at the junction of R23 3-
CR2 1 1  will be zero when the preamplifier output voltage is 6.S volts, 
and the voltage at the junction of R232-CR2 10 will be zero when the 
preamplifier output voltage is -6.S volts. 

Diodes CR206-CR207 (connected to the junction of R232-CR2 1 0) 
and CR202-CR209 (connected to the junction of R232-CR2 1 1) are 
connected to near zero (internal-common) potential points. Diodes 
CR20S and CR209, therefore, conduct when the potential at the 
junction of R233-CR2 1 1  is about zero. Similarly, CR206 arid CR207 
conduct when the potential at the junction of R23 2-CR2 1 0  is about 
zero. 

Note that since CR207 and CR20S are germanium diodes and 
CR206 and CR209 are silicon diodes, CR207 will conduct prior to 
CR206 and that CR20S will conduct prior to CR209. Therefore, 
R207 or CR208 will go into conduction when the preamplifier output 
reaches about plus or minus 6.S volts. When CR207 or CR20S go 
into conduction, R224 the wide-band amplifier output-stage feedback 
resistor) is shunted by R225 ,  thereby reducing the wide-band ampli-
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fier gain, hence reducing the error-amplifier gain. A further increase in 
preamplifier output causes either CR206 or CR209 to conduct. When 
CR206 or CR209 conduct, overall feedback is applied around the 
error amplifier via divider network R234, R204, C206), back-to-back 
diodes CR203 and CR204, and resistor R238.  

The effect of the overall feedback is to greatly reduce the input 
impedance of the error amplifier (the current fed back around the 
error amplifier opposes the input current). The greatly reduced input 
impedance tends to prevent a further rise in input voltage with conse­
quent saturation of the error amplifier and subsequent prolonged 
recovery time. 

The + 12 volts necessary for operation of the wide-band amplifier 
output stage and the overload circuit is derived from the +45-volt 
supply by means of a shunt regulator (0208-0209). The + 12-volt 
output of the vco power supply provides the reference voltage for the 
+ 1 2-volt supply. 

Several precautions are taken to enhance the performance of the 
preamplifier in terms of stability and noise. These include the use of 
high-accuracy resistors in the precision divider, the use of noise­
selected transistors in low-level stages, the use of shielded wiring in 
low-level stages, and a carefully worked-out wiring arrangement. 

Voltage-to-Frequency Converter Circuits 

The control amplifier (Fig. 6- 1 3) amplifies the sawtooth waveform 
appearing across the integrating capacitor along with any d-c level 
appearing at this point. The output of the control amplifier drives 
the standard charge dispensers. The amplifier must have wide band­
width in order to amplify the sawtooth waveform with good fidelity. 
The amplifier must also have high gain and low input offset voltage 
in order to maintain the d-c voltage appearing across the integrating 
capacitor at nearly zero, thus making the input current accurately 
proportional to the input signal voltage. 

The control amplifier consists of two cascaded differential amplifiers 
(Q40 1A-Q40 1B and 0403-0404) followed by an emitter follower 
(Q405). Q402 acts as a high-impedance load for 0404. The control­
amplifier input signal (the preamplifier output) is fed to the base of 
040 1 via input resistor R403. Back-to-back diodes (CR40 1 and 
CR402) protect the control amplifier from excessive input voltages. 
040 1 base-to-ground voltage is set at zero by adjustment of the first 
differential-amplifier operating point. This adjustment is provided by 
voltage divider R4 1 3-R4 10 in the base circuit of 0402 (note that 
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Fig. 6-1 3 . Schematic of control amplifier. 

selected resistor R4 1 3  may be connected to either +45 volts or - 1 2 
volts.) A variable offset current derived from the +45-volt supply via 
potentiometer R23 (the zero calibrate control) and resistors R402 and 
R406. The offset current may be adjusted to give zero-frequency out­
put from zero input to the meter. The control-amplifier output is taken 
from the emitter of 0405. The capacitor (C402) provides the amplifier 
with overall integrator-type feedback which aids in forming the saw­
tooth triggering waveform. 

Several precautions have been taken to reduce doc drift in the 
amplifier. The differential amplifiers both make use of low leakage 
silicon transistors. In addition, the input pair (040 1 A-040 1 B )  shares 
a common header and uses transistors which have been matched for 
emitter-base voltage tracking over the operating temperature range. 

Positive Standard Charge Dispenser-The positive standard charge 
dispenser (sed) is driven by the output of the control amplifier and 
supplies the precision quanta of charge to the integrating capacitor. 
The charge dispenser is made up of a controlled multivibrator (cmv), 
an emitter-follower amplifier, a switch transistor which drives the 
precision capacitor, switch diodes, and a constant-current source (Fig. 
6- 14) .  

Transistors 050 1 and 0502 comprise the cmv. The output of  the 
cmv is amplified by emitter follower 0503 and is used to drive the 
switch transistor (0504). Consider the operation of the circuit when 
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it is in the resting condition. In this condition, 0504 is turned on and 
saturated by base current supplied through R5 1 1 , making the col­
lector voltage of 0504 +45 volts. Some of the load on the collector 
of 0504 is caused by the voltage divider (R5 1 6-R5 1 7). The voltage 
at the junction of these resistors is +6.3 volts. Therefore, CR505 is 
turned off, and the voltage at the junction of CR501  and CR502 is 
determined by the control-amplifier output voltage. 

Transistor 0502 is held off by the current from the 45-volt supply 
(R5 1O, CR502, and R505). Since one half of the cmv is held off, the 
other transistor is on, but not saturated. The current through 050 1 
is controlled by maintaining the base voltage at -2.9 volts by means 
of the voltage divider (R501 -R502). Current in 0501  is determined 
by the emitter voltage and R502. The cmv is thus held in a stable 
state for all voltages from the control amplifier which are more posi­
tive than the -2.7 volts on the emitter of 0502. In the operating con­
dition, however, the output of the control amplifier becomes negative 
and will eventually become more negative than the voltage at the 
base of 0502. When this occurs, 0502 turns on, and the cmv is 
triggered. 

The normal operation of the cmv then turns off 050 1  because of 
the rise in the collector voltage on 0502 which is transmitted through 
C502. The collector voltage on 050 1 falls and causes 0502 to stay 
on, regardless of the voltage at the output of the amplifier. The rise 
in voltage at the collector of 0502 is also coupled to the emitter fol­
lower and then to the base of the switch transistor, 0504. The switch 
transistor is thus turned off, and its collector voltage falls toward 
ground level. The fall in collector voltage makes the junction of R5 1 6  
and R5 1 7  become negative, thereby turning on CR505 and turning 
off both CR501 and CR502. The influence of the control amplifier is 
removed from the cmv until the switch transistor is again turned on. 
The switch transistor (0504) is turned on at the end of the pulse 
produced by the cmv. 

In normal operation the output of the control amplifier will have 
decreased below the triggering level in this length of time due to the 
standard charge dispenser will have sent a standard unit charge into 
the summing point. If this is true, the circuit will remain in the resting 
state until the sawtooth waveform at the output of the control ampli­
fier again becomes sufficiently negative to trigger 0502. Consequently, 
in this mode of operation the cmv operates as a controlled multi­
vibrator producing one pulse each time the output of the control am­
plifier becomes more negative than -2.7 volts. If the unit is over-
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loaded by the application of a large positive signal, the output of the 
control amplifier will become more negative than -2.7 volts, and the 
multivibrator will operate as a free-running multivibrator. The cmv 
also "free-runs" when the instrument is first turned on and has not 
established its equilibrium condition. 

As previously discussed the output of the cmv is amplified by the 
emitter follower (OS03) and is then applied to the base of the 
switch transistor (OS04 ) .  This transistor is normally on when 
the standard charge dispenser is inoperative. In this case the 
precision capacitor (CS04 in parallel with CSOS and CS06) is 
charged to some positive value. The exact voltage is determined by the 
setting of R24 (the plus calibrate control). R24 sets the voltage ap­
plied to the catching diode (CRS06). The effect of changing R24 is to 
adjust the positive voltage to which the precision capacitor charges. 

The standard quantum of charge is generated by alternately con­
necting the precision capacitor to the positive voltage and then to 
ground as OS04 is turned on and off. The right end of the precision 
capacitor is connected to the two switch diodes (CRS 1 1  and CRS 12) .  
When the precision capacitor is  connected to the positive voltage, the 
charging current is through CRS I I  to ground. The time constant of 
the charging circuit is such that the capacitor becomes nearly fully 
charged. Thus a charge (Q = CE, where E is the positive voltage) is 
placed on the capacitor. Turning the switch transistor (OS04) off 
causes the left end of the precision capacitor to fall towards - 1 2  volts, 
but the left end is caught at about ground potential by clamp diodes 
(CRS08, CRS09, and CRS l O) .  The discharge current of the pre­
cision capacitor is through the second switch diode (CRS I2) into 
the integrating capacitor (C40 1) .  OSOS in conjunction with resistors 
(RS 1 3, RS 14 and RS 1 S) acts as a constant-current sink, feeding the 
charge to the precision capacitor and thereby reducing the time 
required to discharge. The precision capacitor is completely dis­
charged through this path. Therefore, the charge delivered to the 
integrating network is again equal to CEo To make the charge de­
livered precisely constant the precision capacitor must alternate 
between the same voltage limits during each cycle of operation. This 
is accomplished by making the upper limit of the voltage excursion 
the pre adjusted positive voltage and lower limit the diode clamp volt­
age. The precision capacitor is chosen to have a very small tempera­
ture coefficient. The residual coefficient is compensated by the nega­
tive temperature-coefficient capacitor (CS04). The exact amount 
of charge delivered per cycle can be adjusted by the trimming resistor 
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(R24). Adjustment to compensate for component tolerances in the 
charge dispenser is accomplished by the trimmer capacitor (C506). 
R24 allows adjustment over a range of about ± 1 percent. 

The pulse-train output of the unit is taken from the collector of 
0504 via the output transformer (T2). The transformer is loaded by 
R26. 

Negative Standard Charge Dispenser-The negative and positive 
standard charge dispensers are similar in all respects except for input 
signal polarity and output charge polarity. In the negative scd (Fig. 
6- 1 5), transistors 060 1 and 0602 comprise the controlled multi­
vibrator (cmv), 0603 is the emitter-follower amplifier, 0604 is the 
switch transistor, and 0605 is the curent source. 

In the negative scd, the switch diodes are reversed and the cmv 
transistors are npn types. The cmv is triggered when the input from 
the control amplifier becomes more positive than the voltage across 
R603. The cmv provides the signal input to 0603 and the npn 
emitter follower which drives switch transistor 0604. 0604 is nor­
mally in the off condition. Therefore, in the resting condition the 
precision capacitor (C606 in parallel with C607 and C608) is dis­
charged. Note that in the negative scd the polarities of the two switch 
diodes (CR6 1 1  and CR6 12) are reversed from those in the positive 
scd. Therefore, the sign of the charge delivered to the integrating 
capacitor is also reversed. 

The pulse-train output is taken from the collector of 0604 via the 
output transformer (T3). The transformer is loaded by R27. 

veo Power Supply-The voltage-controlled oscillator (vco) power 
supply provides two regulated outputs, - 1 2  and +45 volts, and one 
unregulated output of -22 volts. Operation of these circuits is typical 
for power supplies of this type. These circuits will not be discussed 
since they are not unique to an integrating digital voltmeter. 

Pulse-Combining and Counter Circuits-A simplified composite 
schematic of the counter section is shown in Fig. 6- 1 6  (Note: Fig. 
6- 1 6  is located on foldout page at end of book) . This entire 
section is contained on six basic types of printed-circuit boards. They 
are the input processing circuits (PC80 1),  the counter control circuits 
(PC70 1 ), the time-base source (PC I00 1 ), the decade dividers 
(PC I I 0I-PC1 l 05), the decade displays (PC90 1-PC905), and logic 
conversion circuits (PC I20 1 -PC 1 30 1). The manually switched logic 
and circuit interconnections are also shown in schematic form on this 
drawing. The decimal-point location logic is done with switches S8A, 
S8B, S8C, and S6B. The unit's logic is performed by switches. S8D 
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and S6D. Negative-true logic is employed throughout the counter 
section with "zero" equal to or greater than - 1 .2 volts and "one" 
equal to or less than -9.5 volts. 

Pulse-Combining and Polarity Circuits-These circuits are con­
tained on the input board (PC80 1 in Fig. 6-1 6 ) .  The positive pulse­
train output from the voltage-to-frequency converter is amplified and 
inverted by Q80 1 ,  then differentiated by C804 and R8 1 4, while the 
negative pulse-train output is directly differentiated by C802 and 
R8 1 3 .  The positive swing of either pulse train will therefore trigger 
the one-shot comprised of Q806 and Q807 . The secondaries of the 
transformer load (T801 ) of Q807 are cascaded and applied to the 
counter input. The center winding of T80 1 is loaded by R20 and 
available as the combined output pulse train. The negative swing of 
the positive and negative differentiated pulse trains is applied to the 
bistable multivibrator composed of Q804 and Q805 in such a manner 
as to set it to one state or the other, depending on which output of the 
voltage-to-frequency converter is producing pulses. 

The high voltage is applied to the plus or minus Nixie tube through 
the Gate Time switch (S6C) in the voltmeter sector only and through 
the current-limiting resistor (R8 12) to provide a continuous minus 
sign display. When a pulse appears at the positive output of the con­
verter, Q804 is turned on and the plus sign lights through the driver 
transistor (Q809). A logic level is also provided from this flip-flop 
for polarity indication, a "one" signifying positive voltage input. 

Overload Circuit-The output pulses of the combining circuit are 
constant in duration and therefore may be used in a standard charge 
dispenser much the same as previously described. In this case the 
average current and supplied curent is integrated by a capacitor and 
the differential current is sensed. When this differential current which 
is proportional to the pulse repetition rate, exceeds a predetermined 
value, a relay is deactivated which illuminates the overload indicator, 
extinguishes the display, and provides a contact break from ground 
on pin 45 of 1 1  O. 

The overload detection circuit is contained on the control board 
(PC70 1 )  and is shown at the lower left of Fig. 6- 1 6. The relay and 
indicator are mounted on the bottom of the decimal point assembly. 

The combined output at J7 is applied to the base of Q7 1 3  which is 
normally biased off by the low source impedance of T80 1 and the 
difference between the base-emitter drop of the silicon transistor 
(Q7 1 3) and the forward drop of the germanium diode (CR7 1 0) .  When 
a positive pulse occurs both Q7 1 3  and Q7 1 4  are turned <;>0 for the 
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duration of the pulse, taking the collector of 07 14 to the + 1 5-volt 
level and charging capacitor C70 1 through R 7 1 9  and CR no. At the 
end of the input pulse, 07 1 3  and 07 14 turn off again, and C70 1 is 
discharged through CRn 1 ,  R7 19,  and R7 12 .  The left end of ca­
pacitor C70 1 is caught at ground potential by diode CR7 19 .  The 
original charge on the capacitor C70 1 was C x 1 5  volts, since the 
drop in the switch transistor is negligible. The charge delivered to 
the integrating capacitor (Cn2) is thus the initial charge minus the 
final charge which is very nearly zero because the choice of the pulse 
length is sufficient to allow complete discharge of C70 1 .  

Each pulse transfers the same quanta of charge. Therefore, the 
average current out of the integrating capacitor is proportional to the 
pulse repetition rate. Resistors R no and R n2 provide current to 
the circuit, and 07 1 5  is turned on as long as insufficient curent is being 
removed from the circuit by the charge dispenser (as a result of the 
pulse rate being too low). As the pulse rate increases, a point (adjust­
able by R nO) is reached at which insufficient current is available to 
maintain conduction of 07 1 5, and it turns off. 07 1 6  provides temper­
ature compensation and allows 07 1 5  to be a nonsaturating switch. 
When 07 1 5  turns off, 07 1 7  also is turned off, and the relay (K2) is 
thereby de-energized. One contact of K2 is available as a break in 
continuity on the Bcd Output connector, no. The other opens the 
short circuit across the overload indicator neon lamps and discon­
nects the high voltage from the Nixie numerical display. The full high 
voltage applied across the series overload neons causes their break­
down, and the sustained breakdown voltage of both neons in series 
is large enough to hold the Nixie high-voltage line below their break­
down voltage level. Resistor R40 limits the current through the over­
load neons. 

Counter Preamplifier-The counter input is applied through C6 
and R 1 3  to the arm of the potentiometer (R 14).  C7 produces high­
frequency boost to offset cable losses due to the high impedance of 
the attenuator. Transistors 08 10, 08 1 1 , and 08 1 4  located on the 
input board (PC80 1) comprise a 300-kc bandwidth, high-gain ampli­
fier with voltage feedback across R830. The high-frequency roll-off 
is accomplished by the capacitor (C8 1 4) and the low-frequency cut-off 
by C809. Emitter follower 08 14 reduces loading of 08 1 1  to maintain 
high open-loop gain and also provides low output impedance to reduce 
loading effects. 

Time-Base Oscillator-The time oscillator and Schmitt trigger are 
located on the source board (PC l O0 1 ). The oscillator is crystal con-
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trolled and is a switching-type network conslstmg of transistors 
(Q l 004 and Q l 005) and the crystal (X l OO l ). The crystal can be con­
sidered as a series-turied circuit, driven from a current source and 
resonant at 100 kc. Due to the low input impedance of Q l 004 nearly 
all the current through the crystal must flow into the base of QI004. 
The regenerative action of the emitter coupling requires the collector 
of QI005 to be in phase with the base of Q l O04. Therefore, the series 
resonant circuit allows sustained oscillation only at the resonant fre­
quency when zero phase shift exists. The trimmer capacitor (C8) al­
lows a small amount of phase shift to be introduced at the base of 
Q l O04 and thereby "pull" at the frequency of oscillation slightly 
(about ±3 cps). 

The output of the oscillator is capacitively coupled through C l 005 
and R29 to switch S9 where it is either grounded when an external 
time base is used or applied to the base of the amplifier transistor 
(Q I00 l ). The collector of Q I 001  is then coupled to a conventional 
Schmitt trigger circuit composed of Q l 002 and QI003. The collector 
of Q 1 002 provides a signal at time base used in the counter Check 
mode. The output of the squaring circuit goes through R l 02 1  and C9 
to S9 where it is connected through R2 1 to the output connector J9 
when the internal time base is used. When S9 is in the external posi­
tion, J9 becomes an input which is applied through R2 1 and C l OO I  
to the amplifier Q 1 00 1 in the same manner as the oscillator output 
previously described. The Schmitt trigger output also goes to the 
first decinary. 

Decinary-Five identical decade dividers are cascaded from the 
time base to provide output frequencies of 10 kc, 1 kc, 100 cps, 1 0  
cps, and 1 cps. The lower three frequencies are used to establish 
the three fixed gate times. Gating of the time base is done at 1 kc. 
The three gate-time decinaries are reset each count to ensure accurate 
timing. 

Each decinary consists of four binaries in series. A typical decinary 
schematic is shown in Fig. 6- 17 .  Feedback is so arranged as to pro­
duce a bcd weighting of 1-2-4-8 for each successive binary. The carry 
line thereby produces one pulse for each ten applied to the input. 

Display Decades-The five display decades each perform three 
basic functions : they divide the counted pulses by ten and carry every 
tenth pulse to the next decade in the same fashion as the decinaries ;  
they store the accumulated count when a transfer command is re­
ceived; and they convert the bcd output to ten-line code and drive the 
Nixie tube with the resultant information. Each of the display boards 
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are identical, except for the first binary of the unit's decade which is of 
higher speed to ensure accurate counting through 300-kc input 
pulses. A typical display-decade circuit is shown in Fig. 6- 1 8 . 

The decade-divider portion of the circuit functions identically to 
the decinary previously discussed ( the carry line delivers every tenth 
pulse to the next display-decade input). Each binary is connected to 
the reset line, and each binary output is coupled through gating net­
works (R998, R996, R997, and R999) and is a typical storage binary. 
The output of each storage binary is connected to the bcd ten-line 
decoding matrix (R9 34 through R963) and the bcd output through 
resistors R964-R967 to connector I l O. When the transfer line is 
grounded the levels of the decade divider binaries are transferred 
continuously to the storage binaries. When the transfer line is held 
positive the resistor ratios prohibit the information transfer from 
decade divider to the storage binaries. The Nixie drivers 0908 
through 09 1 7  are directly coupled to the resistor logic matrix and 
the collector of each to the appropriate numerical indication in the 
Nixie tube. 

Counter-Control and Gating Circuitry-The output of either the 
combining circuit or the counter preamplifier is selected by the Gate 
Time switch (S6F) and then either that signal or the 100-kc Check 
signal is selected by S5 and applied to the input Schmitt trigger com­
posed of 08 1 2  and 08 1 3  (Fig. 6-1 6). Capacitor C8 1 6  and resistor 
R809 differentiate the squarred waveform at the collector of 08 1 3  
when the base of 0803 is held negative by the start signal from the 
control flip-flop. The negative-going pulses are then amplified by 
saturating amplifier 0802 and delivered to the input of the unit's 
decade display divider. 

The reset one-shot may be triggered from three sources : ( 1 )  closure 
of Reset switch S4, (2) a positive-level shift from an external source 
through Ext Trig (I l l ), or (3) by termination of the display time 
(transistor 0706 turning on). The negative reset pulse, of about 1 80-
microsecond duration, is current amplified through transistor 0709 
and delivered to the reset line. Decinaries PC l l03 through PC l l05 
and all decade dividers in the display decades are set to the zero state 
by the reset line. The reset pulse is applied to the control flip-flop to 
reset it in the stop mode (070 1 on and 0702 off). Note that only if 
0702 is on at the time the reset pulse occurs will a transfer pulse be 
generated by action of the reset one-shot. The positive reset pulse is 
used to terminate the display and as one of the control AND gate 
signals. 
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Consider now the condition of the control AND gate at the base of 
the emitter follower (0703). The beginning of the reset pulse has 
turned off 0704 in the display one-shot (assume that there is no ex­
ternal inhibit signal) ; at the completion of the reset pulse the base of 
0703 will have the output of the l -kc decinary applied to it (CR 714 ,  
CR 706, CR 705, and CR 708 all are back -biased). The first positive 
swing of 0703 base will set the control flip-flop to the start condition 
(070 1 off). The start signal applies the necessary negative voltage 
to the base of 0803 to "open" the input gate and also allows the time­
base gate to follow the output of the l -kc decinary. Therefore, the 
pulse which started the control flip-flop is also the first pulse counted 
in the 100-cps time-base decade dividers. Depending on the Gate Time 
setting, either 10, 100, or 1000 milliseconds after the start, a positive 
stop pulse is applied to the reset side of the control flip-flop. The stop 
condition of the control flip-flop (0702 off and 070 1 on) terminates 
the count by causing both the input and the time-base gates to "close," 
as well as triggering the transfer and display one-shots. The transfer 
one-shot negative pulse is alternating-current coupled through 07 1 2  
to effect a level shift and produce about a 33-microsecond negative 
pulse referenced to the positive supply on the transfer line. 

There are actually three modes of operation of the display one­
shot : first as a variable-duration pulse generator; second, as a bistable 
flip-flop; and third, as a fixed bias to one state. 

In the pulse-generated mode, the Infinite switch (S2) and Gate 
Time switch (S6E) connect the negative supply to the junction of R 1 8  
and R 1 7 . The display one-shot duration is then controlled by the R C 
time constant of R 1 6  plus R 1 8  and C7 10. Emitter follower 0705 
reduces effect of collector load on the time constant and provides a 
fast recharge time constant nearly independent of the discharge time 
setting of R 1 6. Diode CR3 is back-biased and made of silicon, thereby 
offering very little shunt resistance to the timing resistance of the tim­
ing resistors. This period is variable from about 60 milliseconds to 
about eight seconds. When the Infinite switch (S2) is pulled the 
junction of R 1 7  and R 1 8  is connected to the anode of CR 1 75 while 
CR3 is forward-biased. Therefore, R 725 is placed in parallel with 
C7 1 O, and the flip-flop becomes bistable. When any of the external or 
manual functions are in use, S6E opens and CR3 becomes forward­
biased, clamping the base of Q706 to the positive supply through R 1 7 . 
Under this condition 0706 is kept from conducting, and the con­
trol AND gate is clamped to chassis ground through CR 706, 0704, 
and CR7 16 .  
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In fixed gate time operation the negative trigger pulse from the 
"stop" signal of the control flip-flop is applied through CR 7 1 7  to the 
base of Q704, turning it on and thereby starting the display one-shot 
pulse period. With Q704 on the control AND gate is biased "closed" 
until the termination of the display time. 

The reset one-shot is triggered by this termination from the col­
lector of Q706, and again the control AND gate is biased "closed" 
through CR708 and CR705, which completes the entire control 
cycle. The two series diodes are used to match the various output levels 
at the gate and thereby remove the possibility of false triggering. 

External and Manual Modes 

In the External and Manual modes the display one-shot is biased 
to a state which will hold the control AND gate "closed." The control 
flip-flop then can only be triggered by signals through CR 703 to 
start the count, and R 704 to stop the count. For external control 
External Start (1 12) is used to start, and External Stop (J 1 3) is used 
to stop the control flip-flop. The external signal may be either a 
closure to ground or a three-volt positive step. The manual start sig­
nal is taken from the Gate Time switch (S6B ) and the stop signal 
from S6A. 

USING AN INTEGRATED DIGITAL VOLTMnER 

The integrated digital voltmeter has certain advantages over the 
non integrating type. However, the principal advantage is its ability 
to obtain the integral of a voltage over a given time interval. For 
example, assume that it is desired to obtain the integral of the 
nonrepetitive waveform shown in Fig. 6-19 .  

The voltage-time integral is equal to the area enclosed by  the wave­
form. The area may be obtained by considering the waveform as 
being composed of a series of 0.2-second bars of increasing height 
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Fig. 6-19. Graph of the integral of a 
nonrepetitive waveform. 



(voltage ) ;  the total area consists of the sum of the areas of the 
individual bars. The area (A) is then 

A = (200 mv x 0.2 sec) + (400 mv x 0.2 sec) + (600 mv X 0.2 sec) 

+ (800 mv X 0.2 sec) + ( 1 000 mv X 0.2 sec) 

= 600 mv-second 

If the waveform of the example were applied to an integrated digital 
voltmeter such as the Model 5 1 0  (set to the 1000-mv range) the 
voltage-to-frequency converter output would be as shown in Fig. 6-20. 

When the frequency output is applied to the counter portion and 
if it is gated "on" at the beginning of the waveform and "off" at the 
end of the waveform, the reading would indicate the total number of 

lin< 1 ----­

FREQUENCY OUTl'UT 80K 1 ----

Fig. 6-20. Graph showing output as (PULSES PER SECOND) 60K 
integral in voltage.to·frequency 40K 

conversion. 20K 

o 0. 2 0. 4 0. 6 0. 8 1. 0 
TIME (SECONDS) 

pulses emitted by the converter during the one-second gating period. 
This number can be derived by considering the frequency output of 
the converter as consisting of a series of 0.2-second bars of increasing 
height (frequency), the total number of pulses consisting of the sum 
of the number of pulses emitted during each 0.2-second period. The 
total number of pulses (N) is 

N = (20,000 pps X 0.2 sec) + (40,000 pps X 0.2 sec) 

+ (60,000 pps X 0.2 sec) + (80,000 X 0.2 sec) 

+ ( 1 00,000 x 0.2 sec) = 4000 + 8000 + 12,000 + 
1 6,000 + 20,000 

= 60,000 

Observe that not only is N (the reading) an accurate indication of 
the area under the waveform (the integral), but that the means by 
which N is derived is exactly analogous to the means by which the 
integral was originally derived (by adding a number of small areas). 

To obtain the units of millivolt-seconds from the reading a factor 
must be applied to N as follows : 
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full-scale millivolts (range) 
105 (full-scale pulses per second) 

In the example given, we have 
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N 
range 

= 60 000 
1000 X 

105 ' l OG 

= 600 millivolt-seconds 



7 
Special-Purpose Analog Meters 

This chapter is devoted to special-purpose analog meters that are 
typical of the laboratory instruments now in use. 

MODEL 2028 D-C MICROVOLTMnER 

The first instrument selected for discussion is manufactured by 
Cohu Electronics, Inc. ,  San Diego, California, and is designated as 
their Model 202B. The instrument is a combination d-c microvolt­
meter and amplifier, providing a wide range of measurement and 
amplification. Fourteen voltage-ranges cover from 300 microvolts 
full scale to 1 000 volts full scale. The zero-center meter face indicates 
polarity on a mirrored scale which covers all ranges. The amplifier 
has a maximum gain of 70 db to an output connector on the front 
panel, providing for its use as a low-drift d-c amplifier with high gain 
and very high input impedance. A photograph of the unit is shown in 
Fig. 7- 1 .  

Theory of Operation 

A schematic (as well as an overall block diagram) of the Model 
202B is shown in Fig. 7-2. 

Power Supply Section-The power supply section consists of a 
transformer with four secondaries and a fused primary isolated from 

1 23 



the a-c line by an r-f choke and bypass capacitors. The third wire on 
the a-c line connects the chassis common ground to earth ground. 

The top secondary winding of the transformer provides for properly 
phased alternating current to drive diodes CR 1 and CR2 at the output 
of the chopper amplifier. The next secondary winding supplies a 
high-voltage, full-wave rectifier the output of which is connected 
across two series-connected voltage regulator tubes. The point to 
which the two tubes are connected is grounded. This divides the 

Courtesy Cohu Electronics, Inc. 

Fig. 7·1 . Cohu Electronics Model 2028 
microvoltmeter. 

voltage to provide - 1 05 volts and + 1 50 volts. The third winding sup­
plies a-c heater voltage to all tubes (except V I), pilot-light voltage, 
and properly phased energizing voltage to the chopper. The bottom 
secondary winding supplies heater voltage which is rectified by two 
1 N9 1  diodes, supplying direct current to the heater of the first a-c 
amplifier tube (V I) .  This minimizes hum pickup in this low-level 
amplifier. 

The A mplifier System-The amplifier system actually consists of 
two amplifiers : a chopper amplifier and a d-c amplifier. The chopper 
amplifier is on the input side and feeds the d-c amplifier on the output 
side. The chopper amplifier is more stable for amplifying low-level 
direct current than a straight d-c amplifier. 

To prevent oscillation due to feedback loops created by minute 
voltage differentials between various chassis areas, all grounds in the 
amplifier are connected to a circuit common ground at the input; they 
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are also brought out to an external earth ground through a third lug 
on the a-c power plug. 

Since the microvoltmeter must indicate the magnitude of extremely 
small d-c signals, great amplification is necessary before the signal 
can be used to actuate a conventional d-c microammeter movement. 
Gain can be rigidly fixed by the use of a large value of feedback, thus 
adapting an electronic amplifier for measurement purposes. A con­
ventional direct-coupled d-c amplifier cannot be used, however, be­
cause of the trouble encountered with drift and grid currents. If grid 
current is allowed into the input system, an apparent input signal is 
developed which results in an erroneous output. In the conventional 
d-c amplifier, drift may also be caused by changes in the direct current 
through the tubes. Such changes can be caused by small variations in 
heater voltage or by normal tube aging, resulting in a deviation in the 
emission characteristics of the tubes. 

These difficulties may be overcome by the chopper amplifier, since 
it reduces the effect of grid current in the input circuit and plate­
current drift to a negligible amount by using coupling capacitors. 

Fig. 7-3 shows how the effect of grid currents and drifting plate cur­
rent would give an erroneous output in a conventional d-c amplifier 
with very small d-c input and how these effects are overcome with the 
chopper amplifier. Part A shows greatly magnified plate-voltage drift 
in a d-c amplifier with the grid shorted to cathode. This plate-voltage 
drift is due to changes in plate current. Part B shows the same voltage 
drift, but at a different level, due to current through the grid re­
sistance, thus changing the bias. 

Part C shows plate voltages with a small positive d-c voltage ap­
plied at the grid. Plate voltage drifts as before, but again at a different 
level. Note that the plate-voltage change caused by the small input 
signal is on the same order of magnitude as the changes caused by 
grid current and plate-current drift. Unless a much larger input signal 
is used, d-c plate voltage change will not depend on signal-voltage 
change, and the amplifier will give erroneous readings. 

Part D shows plate voltage with small d-c voltage being switched 
on and off at the grid. Note that while drift is still apparent, the rate 
of change of the square-wave component is constant. 

Part E shows the voltage of part D as it would appear at the grid 
of the following stage in a capacitive-coupled amplifier. Since the 
coupling capacitors have blocked the drifting d-c component, all that 
remains is for the amplified input square wave to be proportional to 
the small d-c input. Long-term drift in the system due to thermal ef-
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fects and circuit aging can be compensated when necessary by the use 
of a zero adjustment. 

The Chopper Amplifier-Fig. 7-4 represents the basic chopper­
amplifier circuit used in the Model 202B. Its purpose is to convert 
low-level direct current to alternating current for stable amplification, 
amplify it, and reconvert it to direct current. The plate decoupling and 
other circuits that do not directly affect amplification and rectification 

Ep 

A 
TIME 

- 1  � 
(A) Plate voltage drift with the grid 

shorted to the cathode. 

Ep 

(0) Plate voltage drift with d·c voltage 

at grid turned on and off. 

(8) Plate voltage drift with the grid 

resistor taken to ground. 

� I 
� � +  o TIME � � 

Ep (E) Grid voltage drift when capacitively 

coupled to next stage. 

(C) Plate voltage drift with sma l l  

positive voltage at grid. 

Fig. 7-3. Waveforms showing effects of grid currents and drifting plate current. 

are not included in Fig. 7-4. For the sake of clarity a synchronously 
driven output chopper will be used to describe operation of the 
chopper amplifier, although in the Model 202B a driven crystal-diode 
system is used to change the alternating current back to direct current 
after amplification. This will be discussed later. 

In Fig. 7-4 the d-c signal to be amplified is represented schemati­
cally by a battery in series with a resistor, connected so as to provide 
a positive input signal. There are two possible positions for the chop­
per poles at the input and output of the amplifier : poles left and poles 
right. 
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With the poles left the input voltage is grounded by the input 
chopper; the input to the first stage is zero. With no input voltage and 
assuming a quiet-state plate voltage of 100 volts for the last stage, 
there is zero output with the output chopper-pole left because the 
junction of C2 and R6 is grounded and C2 is charged through R5 to 
the plate voltage (Ep) of 100 volts. 

When the input chopper pole goes right, an input of the polarity 
shown in Fig. 7-4 is applied through C l  to the grid of the first stage. 

VI V2 V3 
CHOPPER LIFT .---------�------�r_------o B + 

. . . P C 2 
• • 0 out 

CHOPPER R IGHT 
'out " p • 'C 2  

CI 

RI I N PUT 
CHOPPER 

1 I I 
+ I I 
- / R2 

I 
I I I I I I 

R5 

R4 

R3 

I I L _______________________ � _ _ _ _ _ _ _ _ _ _ _ ___________ I 

I I I I I I I I I I I I I I 

OUTPUT 
CHOPPER 

C3 1 
� 

Fig. 7-4. Schematic of basic chopper.amplifier circuit. 

F I lTERED 
D-C 

OUTPUT 

This results in a decrease in the plate voltage of the first stage, an 
increase in the plate voltage in the second stage, and a decrease in the 
plate voltage of the third stage. 

Assume that the plate voltage of the last stage drops to 90 volts. 
When the output chopper pole is thrown to the right C2 is no longer 
connected to ground. An output voltage is produced which is equal to 
the voltage that is now on the plate, minus the voltage level to which 
C2 was charged just prior to the chopper pole being thrown right. If 
C2 is charged to a nominal 100 volts and the plate voltage drops to 
90 volts because of the positive input signal, the output is then ideally 
a square wave equal to - 10 volts. 

Although the input signal is positive with respect to ground, this 
d-c level is lost through capacitive coupling and except for an initial 
transient condition the plate voltage of the last stage will vary both 
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above and below the quiet state d-c value. Fig. 7-5 shows input and 
plate waveforms as they would appear initially and as they would 
appear after several seconds. 

The voltage variation appearing at the plate of V3 would, after 
pasing through C2, vary equally above and below ground potential, 
giving an average d-c output of zero without further treatment. To 
obtain a significant d-c output at the junction of C2 and R6, an output 
chopper must be used. Fig. 7-6 shows the effect of the output chopper 
on the output waveform at the junction of C2 and R6. 

-rN =:J ::::J +10rN 
QUIESCENT .J 

PLATE VOLTAGE 

+9rN 

J I  J I  
CHOPPER POLE R L R  R L R R L R R L R R L R 

+105V -'U R --_=:J---i-"----=="U;;;;I--- + lOrN -:::::J--+n--+---+---+--J-+--+--
+95V 

Fig. 7·S. Sketches of input and plate waveforms. 

Fig. 7-6 shows that the output chopper serves to clamp the top of 
the output square wave with reference to ground. This is accomplished 
as follows : 

When the chopper pole goes left the plate voltage of the last stage 
will rise to + 105 volts and C2 will charge to + 1 05 volts, being con­
nected between plate and ground. The output voltage will be zero 
because the junction of C2 and R6 is grounded. When the chopper 
poles go right again, the plate voltage of V3 will decrease from + 105 
volts to +95 volts. Since C2 has no quick discharge path, the output 
voltage which was zero will drop to - 10 volts. Thus the output volt­
age is again equal to the plate voltage present when the output chopper 
pole broke away from the left contact. 
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The voltage across C2 closely follows the plate voltage of V3. This 
is true since C2 has a relatively fast charge path through R5 and the 
chopper and a relatively slow discharge path through R6, compared 
with the half-period of the chopper frequency. Because of this, C2 
is unable to discharge to the point that the gain would be affected. It 
thus becomes apparent that by means of the chopper amplifier a 
pulsating d-c output is obtained which is proportional to, but larger 
than, the d-c input. 

Note that the d-c voltage gain of the chopper amplifier is less than 
the a-c voltage gain. If the negative pulsating d-c voltage appearing at 
the junction of R6 and C2 varies from zero to - 1 0  volts, then its 
average d-c value is -5 volts. Thus, in this case the d-c voltage gain 
is half the a-c voltage gain. This is the minimum loss possible. In a 
practical three-stage chopper amplifier a d-c input to d-c output gain 
of 10 to 12 db below the a-c gain is to be expected. 

The output of the chopper amplifier is filtered by a network desig­
nated as R6 and C3 in Fig. 7-4. The time constant of the filter is long 
compared with a half-period of chopper frequency. The filter actually 
used in the Model 202B is more complex. In the Model 202B with 
no signal applied and with the a-c amplifier balanced, there is no 
output at the filter. With maximum plus d-c signal applied for any 
range there is a negative d-c output of between 0 . 1  and 0 .25 volt, 
depending on the amplifier load. The a-c sawtooth ripple is approx­
imately 0.7 volt when measured with the usual averaging-type 
voltmeter. 

Note that in the three-stage, a-c chopper amplifier just described, 
a phase reversal has taken place in such a way that a positive input 
voltage -produces a negative output voltage. However, the d-c ampli­
fier which follows produces an additional phase reversal for an overall 
positive gain with the polarities described. Had the input to the chop­
per amplifier been negative instead of positive, the direction of all 
waveforms would have been reversed. The plate voltage on the 
output stage would have been higher than the voltage of C2 during 
the period when the output chopper was to the right. 

Therefore, the chopper output voltage, which is equal to the plate 
voltage of V3 minus the voltage on C2 at the time the output chopper 
switches from left to right, would have been positive. Again, the d-c 
amplifier would give an additional phase reversal such that a negative 
input voltage would give a negative indication on the meter. Thus it 
is seen that with a d-c voltage applied to the chopper amplifier 
described, a larger inversely proportional voltage appears at the 
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chopper output. This, when further amplified by the following d-c 
amplifier, gives a d-c output directly proportional to the d-c input. 

Driven Diode Chopper-Because of certain design considerations 
a driven diode system containing 3U l diodes is used in the Model 
202B, instead of the synchronous output chopper, to change a-c volt­
age back to d-c voltage after amplification. The method of utilizing 
diodes to replace the output chopper is shown in Fig. 7-7. The 
function of the diodes is similar to that of the output chopper. 

DRIV ING 
S I GNAL TO 

OUTPUT DIODES 

Rl 

I 
I 
I 
I 
I Ly 

I 
I 
I 
I 
I 

R2 

60 CPS -
C3 SYNCHRONIZED WITH 

I NPUT CHOPPER 

:� 1\ 1\ 1\ 60 CPS 

+ VV\J'( 
0 0 0 0 0 0 

, , I , 
CHOPPER POS IT ION 

Fig. 7·7. Schematic of driven-diode chopper circuit. 

When the polarity of the driving voltage is as indicated in Fig. 7-7, 
maximum conduction takes place through the diodes and point X is 
essentially at ground. When the polarity is the reverse of that indi­
cated, point X is isolated from ground. 

By proper phasing of the diode a-c supply voltage and the a-c 
voltage which drives the input chopper, the diodes are in effect 
synchronized with the input chopper. By using sufficient driving 
voltage across the diodes, plate resistance is made much lower than 
would be the case with more conventional rectifiers, and a linear 
relationship between applied a-c signals and output d-c pulses is 
obtained throughout the range of the applied voltage. Also, inversely 

1 32 



proportional d-c output is obtained, regardless of the polarity of the 
amplifier d-c input voltage. 

The D-C Amplifier-As has been discussed, the purpose of the 
chopper amplifier is to prevent drift and other undesired effects due 
to grid current, component faults, voltage changes, etc. However, after 
a number of chopper stages have brought the signal up to a point 
where the signal to noise ratio is more favorable, circuit economy 
therefore demands that a direct-coupled d-c amplifier should be 
employed. 

The two-stage d-c amplifier in the Model 202B consists of a triode 
amplifier and a cathode follower (see Fig. 7-2). A neon bulb is used 
in the interstage divider to minimize gain loss, since it has low dynamic 
impedance with a relatively large d-c voltage drop. R54, the d-c 
balance control, sets the direct-current operating conditions in the 
amplifier, and the chopper amplifier is not required to furnish a steady 
bias voltage. The Thyrite resistor across the output and a plate resistor 
on the cathode follower limit the output voltage and current. 

Capacitive feedback is connected between the input and output of 
the d-c amplifier. The purpose of this feedback is to decrease the 
necessary size of the filter capacitor, to make system response-time 
independent of d-c amplifier gain variations, and to minimize the 
effects of internal disturbances in the d-c amplifier. 

Meter Circuit 

The meter is connected across the amplifier output in series with 
the proper multiplier and shunt resistance (see Fig. 7-2). R59, a 
screwdriver adjustment, is provided for initial factory calibration. The 
output connector is for an external indicating device capable of hand­
ling ± I -volt maximum output signals and presenting not less than a 
WOO-ohm load to the amplifier. 

MODEL 204A ELECTRONIC GALVANOMETER 

The next instrument selected for discussion is manufactured by 
Cohu Electronics, Inc., San Diego, California, and is designated as 
their Model 204A. The instrument is a combination d-c null detector, 
microvolt ammeter, and an inverting d-c amplifier. It is functionally 
equivalent to suspension galvanometers, but the chopper-stabilized, 
all-transistor circuit provides many added features and numerous 
advantages over conventional moving-coil and electronic galvano­
meters. The instrument is insensitive to vibration, shock, micro-
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Courtesy Cohu E lectronics, Inc. 

Fig. 7-8. Cohu Electronics Model 204AR 

electronic galvanometer. 

phonics, earth's magnetic field, and stray pickup. A photograph of the 
unit is shown in Fig. 7-8. 

Theory of Operation 

A block diagram of the Model 204A is shown in Fig. 7-9. The 
Model 204A consists of an input divider followed by a four-stage a-c 
amplifier incorporating an input chopper, a synchronous rectifier, and 
a three-stage d-c output amplifier. 

The chopper converts the d-c input into a proportional a-c carrier 
signal which is amplified by the a-c amplifier. The output of the a-c 
amplifier is synchronously rectified, filtered, and applied to the d-c 
output amplifier. 

I NPUT 
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Stability and constant input-impedance are maintained by using a 
large value (approximately 50 db) of inverse feedback. With this 
value of feedback, overall gain accuracy is determined, essentially 
by the accuracy of the feedback and input-divider networks, which 
consist of stable precision resistors. The range switch sets both these 
networks for the appropriate range. This control functions as an 
Ayrton shunt, which is usually an accessory for conventional gal­
vanometers. 

Input and Chopper Circuit-The input signal is fed through R 1 09 
to the center tap of the input transformer. R 1 09 sets the d-c gain, 
either direct or attenuated (depending on the position of the range 
switch), and forms (in conjunction with C 1 0 l )  a filter. This filter 
attenuates the 60-cps component that may be present on the signal 
(due either to leakage or stray fields). 

A -C A mplifier Circuit-The secondary of the input or chopper 
transformer feeds the first stage of a four-stage, transistorized, a-c 
amplifier (0 1 0 1  through 0104). The output of this amplifier is 
coupled to the d-c amplifier. 

Rectifier Circuit-Diodes CR 1 0 1  and CR I02 are connected to 
form a half-wave bridge rectifier circuit and are supplied with a 60-
cps signal phased to the chopper drive. These diodes rectify the out­
put of the a-c amplifier, and the resultant d-c signals are applied to 
the input of the d-c amplifier. 

D-C A mplifier Circuit-The d-c amplifier consists of three tran­
sistorized amplification stages (0 105 ,  0107, and 0 1 08). Temperature 
compensation is provided by a fourth transistor (0 1 06), which is con­
nected as a diode. The output of the d-c amplifier is applied to the 
meter and the output terminals. 

Battery Feedback-Battery BT 1 0 1 ,  its associated resistors, and a 
potentiometer form a bridge which can insert a positive, negative, or 
zero voltage in series with the feedback resistor. This is effectively 
equivalent to the insertion of an input zero-adjusting voltage. 
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Glossary of Terms 

Accuracy of an indicated or recorded value (percent of read­
ing). This is expressed by the ratio of the error of the indicated 
value to the true value. It is usually expressed in percent. 

Accuracy rating of an instrument. The limits which errors will 
not exceed when the instrument is used under prescribed conditions. 

Balance . See Null balance. 
Balance detector. In digital instruments, an electronic amplifier 

which compares input and feedback voltages and issues commands 
to the logic circuits to change the feedback voltage as needed to 
attain a balance. 

Balancing time. In a d-c dvm ratiometer or ohmmeter, the elapsed 
time from when the instrument is commanded to make a measure­
ment to when the computation has been completed and is ready for 
visual readout or automatic recording. In an a-c/ d-c converter it is 
the time elapsed between application of a step input voltage of a 
stated amplitude and the time when the a-c/ d-c converter d-c 
output has stabilized to within some specified amount of its final 
value. Balancing time may be expressed as a maximum value or 
average value for a single range and single polarity or for all range 
and polarity conditions. 

Conversion, analog servo. The operating network in w.hich the 
feedback-voltage generator consists of a motor-driven variable re­
sistor, servo-controlled by an error detector. 

Conversion, prescribed sequence. (Successive approximation, 
whole number, or discrete conversion). The operating principle 
in which the feedback-voltage generator provides a signal of regu­
lated voltage corresponding in value to the input voltage. The volt­
age corresponding to the most significant digit is first compared 
with the scaled input voltage. If smaller, it is left in the circuit. The 
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comparison continues with the voltage sources left in the circuit 
at the end of the process representing the input voltage. 

Conversion, ramp. (Voltage-to-time conversion). The operating 
principle in which the feedback-voltage generator periodically pro­
duces a voltage which changes linearly with time (ramp voltage) 
and is compared with the scaled input voltage by an error detector. 

Conversion, voltage-to-frequency. The operating principle in 
which a converter generates pulses of frequency directly propor­
tional to the input voltage. 

Current-summing instrument. One in which the sum of the input 
current and the feedback current approaches zero at null balance. 

Dead band. The total range through which the input voltage can 
be varied without initiating a change in reading. It is usually ex­
pressed in digits. 

Decade. See Digit position designation. 
Digit. One of the symbols of the decimal number system. The term 

is also applied to the position of symbols in the decimal system. For 
example, in the number 785 1 the term "second digit" identifies the 
position occupied by the 8 .  

Digit position designation. (Display position). The designation of 
positions of digits in the display or record is generally in accordance 
with the following table : 

Number of Digits 
3 
4 
5 

Designation (starting at left) 
First, second, last 
First, second, third, last 
First, second, third, fourth, last 

Digital instrument. One in which the indicated or recorded value is 
expressed directly in terms of the decimal number system. 

Dynamic response. Behavior of the instrument output as a function 
of the measured quantity when both output and the measured quan­
tity are varying with time. 

Error detector. See Balance detector. 
Extreme operating conditions. The limits of specified variables 

or conditions within which the instrument may be operated. Under 
these conditions, performance ratings do not necessarily apply. 

Feedback voltage or current. An internally-generated voltage or 
current used for comparison with the scaled input voltage or current 
by means of an error detector. 

Input voltage. (Measured quantity). The voltage to be measured. 
(See also Scaled input voltage.) 
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Interference. Any physical phenomenon tending to adversely affect 
operation of the instrument. 

Least increment. The value corresponding to the least digit dis­
played. It is expressed in volts in a voltmeter, in "per unit" in a 
ratiometer. 

Logic. The sequence in which feedback-voltage range-divider opera­
tions and polarity-switching operations occur in attaining a balance. 

Logic, double scan (or "double-duty no-needless-nines" or "track­
ing scan"). A later improvement of no-needless-nines logic in which 
the logic does not have to check polarity switch, range switch, and 
some or all decade switches before changing position of a given 
decade switch which requires change. 

Logic, no-needless-nines. A form of scan logic which eliminates 
needless cycling to 9's and O's position in each decade of stepping­
switch type digital voltmeters. Logic sequence is : set polarity 
switch, set range switch, set decade switches starting with leftmost 
and proceeding to the right, changing only those switches whose 
numerical positions (values) differ from the final numerical reading. 

Logic, scan. Logic in which each decade of the feedback voltage 
divider is changed in value only one per measurement and in which 
these changes progress from any decade (often, but not always, 
from the leftmost decade ) toward the right. See also Conversion, 
prescribed sequence. 

Logic, successive trials. See Conversion, prescribed sequence. 
Logic, tracking. Logic in which an increase or decrease in any decade 

requires that all decades to the right of it be switched to 9 or 0, 
respectively, and in which decade changes start with some decade 
and progress leftward (one measurement often requires several 
cycles of skipping again to the rightmost decade and progressing 
leftward). In this logic, an input-voltage change immediately re­
sults in a change in value of the decade which was last changed (in 
some cases the change will occur in the decade to the right or left 
of the decade last changed if the decade last changed is at a 9 or 0). 

Longitudinal interference. Interference which appears between 
measuring circuit terminals and ground. 

Monotonicity. The characteristic of a digital instrument such that 
the readings of the total count appear successively, in proper order, 
when the input voltage is continuously varied throughout a range. 

Null balance. The condition which exists in the circuits of an instru­
ment when the absolute value of the error voltage or current is less 
than that required to initiate changes in the instrument indications. 
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Potentiometric instrument. One in which a feedback voltage is 
generated by means of a voltage divider. 

Range. A continuous band of voltage values within which the instru­
ment is capable of making readings to stated accuracy. Digital volt­
meters normally provide more than one range by shifting the 
decimal point. 

Range, basic. The range in which the input voltage is compared di­
rectly with the feedback voltage. 

Range divider. The circuit element that converts the input voltage 
to the scaled input voltage. 

Reference voltage, external. The external voltage source with 
which the input voltage is compared in digital ratiometers. 

Reference voltage, internal. The voltage source for the feedback 
generator in digital voltmeters. 

Resolution. See Dead band. 
Scaled input voltage. A voltage proportional to the input voltage 

for comparison with the feedback voltage. The output of the range 
divider. 

Sensitivity. See Dead band. 
Total count. The total number of least increments available in a 

range. For example, in the case of a four-digit instrument, the 
total count is normally 10,000. 

Transverse interference. Interference which appears as a voltage 
between measuring circuit terminals. 
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Index 

A 

A-c/d-c polarity switch circuit, 8 1-82 
Accumulator, digital, 8 
Accuracy, 1 8 - 1 9  
Accuracy statements, 22-23 
A-c to doc converter circuits, 79-8 1 
Adc, 8 
Amplifier, error, 54-60 
AND gate, 45-49 
Analog meters. 32-42 
Analog-servo, 1 4  
Analog-to-digital converter, 8 
Approximation, successive, 8 
Attenuation, signal input, 54 
Attenuator, Kelvin-Varley, 77-79 
Attenuator, step, 92 
Automatic, ranging, 1 6  

circuits, 34-35 

B 

Balance, continuous, 8 
Balance detector, 1 5- 1 6  
Bath o f  oil, 1 4  
Bcd, 44-45, 52 
Binary code, 44-45 
Binary-coded decimal, 44-45 
Binary counting 

machines, 43-49 
systems, 43-49 

Binary numbers, 44-45 
Biquinary decoder, 62 
Bistable multivibrator, 48 

Bit, 8 
Boxcar (zero-order hold ) ,  42 

C 

Calibrated drum, 16 
Cascaded error, 5 4  
Change-sign 

flip-flop, 68 
lamp, 68 

Charge quantum per cycle, 94 
Chopper, driven diode, 1 3 2- 1 3 3  
Circuit 

a-c to doc converter, 79-8 1 
clamping, 54 
coincidence, 9 
filtering, 54 
flip-flop, 44-45 
input attenuator, 75-76 
null-detector, 53,  7 1 -75 
reference, 76-79 

Circuits 
automatic ranging, 10, 34-35 
integrating digital-meter, 88-102 

Clip-on meters, 35-38 
Closed-loop timing system, 52 
Cmv, 93 
Code, binary, 44-45 
Coincidence circuit, 9- 10 
Common-mode 

current, 28 
insertion, 28 
path, 3 1  
rejection (crnr) , 29 
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Common-mode---cont'd 
signal, 3 I, 89 
voltage, 28 

Comparator, 9-10 
Continuous balance, 7 
Control amplifier, 1 04-105 
Controlled multivibrator, 93 
Converter circuit adjustments, 81 
Converter 

dla ( digital-to-analog) ,  8, 1 4  
shaft position, 1 6  
vlt, 1 4  

Counter-control and gating circuitry, 
1 1 5- 1 20 

Counter preamplifier, 1 1 2 
Counting machines, binary, 43-49 
Counting systems, binary, 43-49 

D 

Dla converter, 1 4  
D-c 

ratio measurement, 52 
vacuum tube voltmeter circuits, 

7 1-76 
Decade switch, 21 
Decinary, 1 13 - 1 1 4  
Decoder biquinary, 6 1 -68 
Decoding, 58-60 
Desensitized, 1 8  
Detector 

balance, 1 5 - 1 6  
error, 8 

Differential voltmeter 
applications, 82-83 
circuits, 69-87 
voltage, 28 

Differentiator, 54 
Digital 

accumulator, 8 
servo logic, 20 

Digital meter 
circuits, 43-68 
integrating, 43 
Model 4 1 0, 88- 102 
multimeter, 49-65 

Digital voltmeter 
logic, 20-22 
Model I l l , 65-68 
operating principles, 7 

Direct mono, 56 
Display 

decades, 1 1 3-1 1 5  
seven-bar, 67-68 

Double duty no-needless-nines logic, 
20-2 1 

Double scan logic, 20-2 1 
Down pulses, 2 1 -22, 58-60 
Down-ranging signal, 35 
Drift, 34 
Dvm, 7-23 
Dynamic AND gate, 46-47 
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E 

Ease of operation, 1 9-20 
Ease of servicing, 20 
Electromechanical digital meter, 14- 1 7  
Enable leg, 46 
Equilibrium readout, 65-67 
Error 

amplifier, 54-60 
detector, 8 
one count, 23 
one digit, 23 
one least count, 23 

External mode, 1 20 
External-print complete signal, 53-54 

F 

Filtering circuits, 54 
500-volt power supply, 76-77 
Flip-flop circuits, 44-45 
Free running multivibrator, 1 08 
Frequency counter, 88 

Gate time, 88 
Gating, 3 6  
Guard 

G 

circuit technique, 1 2  
shield, 89 

H 

High-resistance measurement, 85-87 
H unting, 1 4  

Incoherent sampling, 4 1 -42 
Indicating tubes, "in-line," 9 
In-line indicating tubes, 9 
Inner shield, 89 
Input attenuator circuit, 75-76 
Integrated, 1 2  
Integrating, 8 
Integrating and potentiometric, 8 
Integrating digital meter, 43 

circuits, 88-102 
Inverted mono, 56 

K 
Kelvin-Varley 

attenuator, 76-79 
divider, 25 

L 

Linear ramp, 9 



Logic 
double scan, 20-21 
no-needless-nines, 20 
pulse line, 2 1  
scan, 1 4  
symbols, 45-49 
tracking, 1 4  

M 

Manual mode, 1 1 2 
Measurement of high resistance, 85-87 
Measurement of standard resistors, 

83-85 
Measuring speed, 1 7 - 1 8  
Meters 

analog, 32-42 
average responding, 39-40 
clip-on, 35-38 
differential, 69-87 
peak-responding, 39-40 
rms-responding, 39-40 
scales, 32 

Model 1 1 1  digital voltmeter, 65-68 
Model 2028 

amplifier system, 1 23-128 
chopper amplifier, 1 28-132 
d-c amplifier, 133 
d-c microvoltmeter, 1 23-133 
driven diode chopper, 1 23-133 
power supply, 1 23-124 

Model 204A electronic galvanometer 
meter circuit, 133 - 1 3  4 

a-c amplifier circuit, 135 
battery feedback, 135 
d-c amplifier circuit, 135 
input and chopper circuit, 135 
rectifier circuit, 135 
theory of operation, 134-135 

Model 5 1 0  
digital meter, 88-1 20 
theory of operation, 89-96 

Model 823A differential meter, 69-87 
Model 880 

circuit analysis, 54 
digital multimeter, 49-65 

Modules, 1 9  
Mono 

direct, 56 
inverted, 56 
polarity, 56, 64 

Multivibrator 
bistable, 48 
monostable, 53 

Negative 
OR gate, 56 

N 

standard charge dispenser, 109 

Network 
pulse, 54-60 
pulse producing, 58 

Nixie 
driver circuits, 63-65 
driver transistor, 62-63 
indicator tube, 63 
lamps, 63-65 
tube, 49 

No-needless-nines logic, 20 
Null-detector circuit, 53, 7 1-75 
Null indications with a-c measure-

ments, 81 
Null seeking-balancing system, 65-68 
Null-seeking voltmeter, 1 0  
Numbers, binary, 44-45 

Oil bath, 1 4  
OR gate, 45-49 

o 

negative, 56 
Operational mode, 92 
Outer shield, 89 
Overload circuit, 1 1 1 - 1 1 2  

p 

Percent 
full scale, 22-23 
of reading, 23 

Phase-splitter, 55-56 
Preamplifier circuits, 96- 1 04 
Print control 

circuitry, 52-54 
operation, 52-54 

Polarity-charging operation, 63-65 
Polarity mono, 56, 64 
Positive standard " charge dispenser 

circuit, 105-109 
Potentiometer, 1 5  
Potentiometric 

basic operating principles, 25-26 
integrating dvm, 1 3-14 
method, 24-25 
mode, 92 

Power supply, 500-volt, 76-77 
Pulse 

combining and counter circuits, 
109-1 1 1  

combining and polarity circuits, 1 1 1  
down, 58-60 
frequency, 1 2  
network, 54-60 
producing network, 58 
rate, 1 1 - 1 2  
up, 58-60 

Q 
Quantum charge, 94 
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R 

Ramp ( voltage-to-time interval ) ,  8 
Ramp 

dvm, 9-10 
linear, 9 

Random state, 48 
Range divider, 77 
Ranging circuit, 1 0  
Readout, 58-60 

hold signal, 89 
operation, 6 1 -68 

Recorder output, 73-75 
Register, 58-60 
Reference 

circuit, 76-79 
standard, 24 

Relay, 1 4  
Reliability, 1 9  
Resistance measurement, 37-38 
Rms, 38-39 
Reset one-shot, 94 
Resolution, 84 
Root-mean-square, 38-39 

5 
Sample-and-hold, 1 8  
Sampling 

incoherent, 4 1 -42 
interval, 1 2  
time, 88 
voltmeter, 4 1 -42 

Scales, 33 
Scan logic, 1 4  
Scanner 

advance mono, 5 3 -54 
advance signal generator, 53-54 

Sed, 94 
Schmitt trigger, 1 1 2-1 1 3  
Shaft-position converter, 1 6  
Selecting a digital meter, 1 7-20 
Sequence, 1 4  
Seven-bar display, 67-68 
Signal 

down-ranging, 3 5  
external-print complete, 53-54 
input attenuation, 54 
up-ranging, 35 

Significant 
bit, 8 
digit, 9 

Special purpose analog meters, 
1 2 3 - 1 3 5  
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Speed, measuring, 17-18 
Staircase waveform, 67 
Standard charge dispenser, 94 
Standard resistor measurement, 83-85 
Steady-state readout, 65-67 
Step attenuator, 92 
Stepping-switch, 14-15 
Stroboscoping, 1 4  
Successive 

approximation, 8 
trial, 20 

Switch, decade, 2 1  
Symbols, logic, 45-49 

T 

Taut-band suspension, 3 2  
Thermocouple, 40-4 1 
Threshold amplifier, 54 
Thyrite resistor, 13 3 
Time-base oscillator, 1 1 2-1 1 3 
Tracking 

logic, 1 4  
scan logic, 20-21 

Tracks, 1 2  
Transducer, 28 
Two star bit, 45 

u 
Using integrated digital voltmeter, 

1 20- 1 2 1  
U p  pulses, 2 1 -22, 58-60 
Up-ranging signal, 35 

v 
Vco, 89 

circuit, 92-96 
power supply, 109 

Versatility, 1 9  
V IF converter, 1 4  
Vfc, 88, 93 
Voltage-controlled oscillator, 89 
Voltage-to-frequency converter cir-

cuits, 88, 93, 1 04-1 20 
Voltage-to-time interval, 8 
Voltmeter 

digital, 7-23 
rms-responding, 40-41 
sampling, 4 1 ,  42 

Z 
Zero-order hold ( boxcar ) ,  42 





DI RECT READOUT M ETERS 
by John D .  Lenk 

T h e  need for trained ind ustrial technicians i s  expanding rapi d ly. I n­

creased knowledge about modern ci rcu itry is necessary to keep 

abreast w ith ind ustrial advances. This book f i l ls that need by providing 

i nformation and i l l ustrations to enhance the tec h n ician's understand­

i n g  of the subject of d i g ital, d ifferentia l ,  and analog meters. 

Written to serve a threefold p u rpose, the text can be used as a text­

book for student technic ians, a tra i n i ng aid for the experienced tech­

n ician desiring to enter the industrial f ield, and a handy referen ce fo r 

those who are al ready active in the industry. To fu l lfi l  these pu rposes, 

a wide variety of laboratory meters is explai ned in basi c  terms. Ful l  

techni cian-level c i rcuit  descriptions are also p rovided for  the most 

widely used types of meters. Wavefo rms at va rious pOi nts throughout 

the ci rcu its are also discussed . 

Laboratory meters are covered in logical progression fo l l owing 

s i g nal sequence wherever possi ble from pickup devices, through the 

p rocessing c i rcu its, to the display functions. Preced ing each g roup of 

c i rcuits is a d i sc ussion of the basic considerations with typical operat­

i ng l im i ts outl ined for each meter. N umerous i l lustrations are used 

throughout the text to enhance your understand i ng of the subj ect. 

Whether the p roblem is one of testi ng,  servicing,  or simply u nder­

stan d i ng d i rect readout meters, this book provides the answers. The 

necessary i nformation for technicians to qual ify as laboratory meter 

specialists i s  thoroughly presented in easy-to-understand terms. 
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