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1.0 TECHNIQUES OF FUNCTION GENERATION 

1. 1 The Application of a Digital-to-Analog Voltage Converter to a Function 
Generator 

It is possible to control the magnitude of an analog voltage with 

digital signals through the use of a digital-to-analog voltage converter. 

One possible converter consists of a resistor network in which a current 

or voltage is applied to different taps along the network. An elementary 

case is shown in Figure 1. A set of resistors is tied to a summing buss, 

with the other ends each connected through a switch to a voltage source. 

Each resistor value may be selected to deliver the desired magnitude 

of current to the summing buss when its respective switch to the voltage 

source is closed. For greatest accuracy, the summing buss would be 

maintained at a constant potential by a technique such as allowing the 

summing buss to be the summing point of the input of an operational 

amplifier and deriving the digital-to-analog voltage converter’s output 

from the amplifier's output. A different resistive converter utilizing 

transistor switches without the need for an operational amplifier is 

used to create a low frequency voltage function by digital technique. 

1.2 The Techniques of Forming a Sinusoidal Voltage from an Analog Voltage 
Converter 

A varying voltage signal may be obtained from the analog voltage 

converter by varying the digital input commands to the converter and 

controlling the converter's switches. A typical voltage output that 

results from controlling the converter's switches incrementally is shown 
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in Figure 2 with the output after smoothing. The analog voltage is 

controlled by actuating a set of two-state digital switches in a desired 

pattern. The switches may be controlled through a logical arrangement 

of other two-state digital elements. Therefore it is not necessary to 

deal with linear analog elements in the control circuitry since only 

two-state signal levels appear before the switches of the analog voltage 

converter. 

The varying analog voltage that is to be controlled by digital logic 

occurs in a regular periodic pattern to give rise to a useful and 

well-behaved function. The specific function to be generated is a very 

low frequency sinusoidal voltage. The method of generating the 

sinusoidal analog voltage will be discussed. . 

It will be shown that the digital method of controlling a very low 

frequency voltage obtained from a digital-to-analog converter provides 

a very stable and accurate sinusoidal voltage to be generated in the 

spectrum below the practical limit of a RC or LC oscillator. RC sine 

Jbee A 
wave oscillators have to-be made to reach the lower limit of about 0.01 

cps. The digital method of function generation extends the practical 

range down to about 0.00001 cps or one cycle per day. 

2.0 DESIGN PARAMETERS FOR A DIGITALLY CONTROLLED SINUSOIDAL 
FUNCTION GENERATOR 

2.1 Specifications: The following specifications were met or exceeded in 

the design of the low frequency function generator. 
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2.1.1 Frequency Range; One cycle per second to one cycle per day. 

2.1.2 Frequency Stability; Stability of the output frequency is 

determined by the stability of the driving pulse or sine wave 

generator in the range of twenty cps to fifty thousand cps. 

2.1.3 Amplitude Stability: One-tenth of one percent over the 

specified frequency range. 

2.1.4 Distortion; RMS amplitude of total harmonic distortion not to 

exceed one-tenth of one percent of full scale output. 

2.1.5 Noise: Less than one-tenth of one percent of full scale output 

over the bandwidth of DC to 50 KC. 

2.1.6 Drift: Less than one-tenth of one percent of full scale output 

over the environmental operating limits. 

2.1.7 Input Selection: The frequency generator may be driven by an 

internal multivibrator, a manual advance button or an external 

driving source. 

2.1.8 Output Control: The function may be initiated at any portion 

of the cycle and an amplitude and position display shall indicate 

the output location at any instant of time. 

2.1.9 Output Function: The primary output function shall be a sine 

wave. A triangle and square wave shall also be made available^ 

Provision shall be made for monotonically varying functions with 

modification of the internal program 

2.1.10 Environment Conditions: J0°C .to 40°C under laboratory environ¬ 

ment. 
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2.2 Methods of Function Generation 

2.2.1 Pre-Programmed Levels: The first investigation of the function generator 

used a digital-to-analog converter that was programmed by digital 

commands that would turn on the desired voltage during any interval 

of the output cycle as illustrated in Figure 3. The interval would be 

located by obtaining discrete pulses on independent lines from a ring 

counter to actuate a coded number of output voltage switches. Each 

time a new interval was reached, the output would be switched to the 

new level. 

The pre-programmed level method has the main advantage of 

offering a means of generating discontinuous or jump functions. Any 

output level may be reached during any interval. The output would 

be discrete steps of various programmed levels occurring at regular 

intervals. The disadvantage in this method is the requirement in 

encoding the excessive number of discrete levels necessary to achieve 

the required output distortion figure. The generator would cequire 

nearly three thousand diodes or an equivalent in similar circuitry to 

accomplish the required encoding to each output voltage switch even 

when extensive logical simplications were employed. 

This method of programming discrete output levels was abandoned 

because of the circuit complexity. While the ability to generate 

discontinuous functions would be of some interest, the primary objective 

was the generation of a sine wave. The excessive expense of making 
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an all-purpose generator limited the project to the generation of 

monotonically increasing functions by the pre-programmed increment 

method. 

2.2.2 Pre-Programmed Increments; Consideration was next given to 

advancing the output in small steps to approximate the desired 

function. The design was conceived as shown in Figure 4 ar|d is 

focused about a digital-to-analog voltage converter programmed 

by connecting the voltage switches of the voltage converter to 

the output of a counter. The programmer is advanced periodically 

by a predetermined number of pulses. The output of the counter, 

and thereby the output of the analog voltage converter, is 
# ■ 

advanced incrementally as the pulses are entered into the input of 

the counter. The direction of the counter can be reversed so 

incoming pulses will subtract from the total count, and the output 

count and also the voltage output wiII decrease incrementally. 

While the technique of varying the amplitude of the output 

over a fixed time interval is the only one discussed, the method of 

generating fixed amplitude steps and varying the frequency of 

occurrence was also considered. However, since a source of pulses 

with a stable repetition rate to establish an accurate time base for 

increasing or decreasing the output amplitude in regular intervals 

may be readily obtained, very little investigation was done for a 

pre-programmed time base of fixed voltage increments. It is felt 
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that the approach of the chosen incrementally programmed method 

allowed the simplest arrangement of circuitry to produce the required 

results. 

The method of the pre-programmed increments allows the 

generation of a monotonically increasing or decreasing function over 

a quarter of the output cycle with high accuracy and a minimum com¬ 

plexity in hardware. The circuitry necessary to accomplish this 

method.of digital function generation will now be discussed. 

3.0 DESIGN ANALYSIS UTILIZING THE PRE-PROGRAMMED INCREMENT METHOD 

3.1 Overall System; Pre-programmed increments may be accomplished by 

gating a varying number of equal-amplitude pulses to a counter. The 

counter is an incrementally increasing register whose output is the binary 

representation of the total number of pulses applied up to a given instant. 

The output wave form will resemble that shown in Figure 2. The first 

quarter of a triangular wave, for example, may be simulated in binary 

code by beginning initially with the counter reset to zero and applying 

a constant number of pulses to the input of the counter. A sine wave 

may then be shaped from the triangular wave by omitting pulses as the 

registered count increases. The absence of increasing numbers of pulses 

as the total count approaches the maximum causes the rate of change of 

output with respect to time to decrease. This effectively results in round¬ 

ing the triangular output down into a sine wave. 

8 



Q -timing 

Source O'F 
known 

qUQrrhriy of 
Pulses 

Programmer^ 
for pt//se. 
se/ection 

Sc.lec.i~ 
pulse  pulses 

Selection Sate 
for desired 
cj uan + i+y 
of pulses 

< Bid ir<sc.+tonof 
oufptjf- counter- 

FIG. 5 
C 

JL 

) 

~h£> 
anaJoy (sonvsrisr^ 

analoj \ output- 
3 

Functional Diagram - PreProg ramrr\ed Increments 

input 
Section 

Advance line 

Q 

£ 
Bidtrec-Hon a I 

R ing Counter 
3 

Procjra nn 
\ Board 

/ ncrernen + 
(5o fa 

& idirecrhiona 
Output Counter 

Increment 
’Generator 

FIG. 6 
System's Loytca! tPLenn ents 

f digital 'to j 
\Qr\dfai) converterJ 

^ Qirtput 

3 



A functional block diagram of the incremental system of function 

generation is shown in Figure 5. The system consists of an output 

counter with appropriate control circuitry on its input to allow a 

predetermined number of pulses to advance the counter at the desired 

instant of time. The system includes a source for deriving a given 

number of pulses, a programmer to cause the desired number of 

pulses to enter the counter at the desired time, a bidirectional 

counter that will afford a positive slope or a negative slope to the 

incremental change, and an accurate digital-to-analog voltage con¬ 

verter to translate the output of the counter register into an analog 

quantity. A simplified logic diagram of the incremental system is 

shown in Figure 6. 

3.2 Input Section (Figure 7): A source of pulses is utilized to provide a 

selectable but stable repetition rate for the system timing. It was felt 

that three different methods of obtaining the clock pulses should be 

employed in the laboratory model. First, an internal multivibrator 

supplies a source of five repetition rates that provide an adequate range 

to illustrate the usefulness of the generator. The second input allows a 

manual step to be applied to advance the instrument slowly to make 

possible a method of calibration and test. A bistable circuit is driven 

by both contacts of a switch to reduce the possibility of switch noise 

and contact bounce triggering a clock pulse. 
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The last input allows a variable sine wave oscillator in the range 

from 20 cps or lower to a maximum of 50,000 cps to be connected to 

the instrument. The instrument will then become a frequency divider 

provided that the increments are programmed to create a sine wave on 

the output of the counter. It will be seen later that the instrument 

contains a fixed minimum scale of 10,800 between input and output 

sine waves. Therefore, if a 108.0 cps signal is applied, the output 

will be 0.01 cps. 

The sine wave input is first shaped by a Schmitt trigger circuit before 

it is used to furnish the system clock timing. The input sine wave is 

required to be stable only in frequency and not in amplitude because 

of the shaping circuit. The output of the frequency divider depends 

only on the input driving frequency as the input is supplying the funda¬ 

mental increment rate of change of the counter. 

3.3 .Scalers:. Provision is made for, additional scalers ter be inserted .to : 

generate a slower system clock pulse when desired. This will allow 

add itional lower ranges for the instrument when used as a frequency 

divider. There is no theoretical lower limit to the rate at which the 

system pulses may be applied. 

3.4 Increment Generator (Figure 8): Pulses required to advance the output 

by predetermined increments over a certain time interval must be 

generated from the system clock pulses. The interval was chosent!o be 



Ten times 
the duration of ten pulses or-one "tenth of the driving period. 

The increment generator is designed to allow an increase of a maximum 

of nine pulses in the output counter over this time interval of one tcntTf 

the driving period. Therefore, the maximum rate of change allowed in 

the system is nine units of the total count per one tentf*the driving 

period. It was noted before that the resultant frequency of a sine wave 

output is less than one-ten thousandth of the input. Each one-third 

degree of the total sine wave period is represented by ono-tent^5the 

driving period. Since the full scale count of the output counter was 

chosen to be one thousand, the maximum rate of change possible is 

nine parts per thousand per one-third degree of the output. The 

maximum rate of increase of a sine wave is six parts per thousand per 

twenty minute interval. The function generator therefore allows 

adequate margin to expand into functions requiring greater rates of 

change than a sine wave. 

The increment generator consists of a decade scaler to provide the 

interval of one-tentlf the driving period. The ten increment pulses 

are derived from the decode circuits on the decade scaler and are 

used to drive the increment gate which triggers the output counter. 

The decade scaler is a flip-flop counter wired to furnish an 8 - 4 - 2 - 1 

code on its output. Ten diode "And" circuits provide ten discrete 

pulse lines that are combined in nine transistor "Nor" circuits to 
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provide nine DC levels that remain on for the duration of one to ten 

pulses at the driving frequency. Therefore the output of the number 

three "Nor" for example will remain ON for the first three counts of 

the decade scaler while the output of the number nine "Nor" will 

remain on for nine counts of the decade scaler. These signals are 

caused by diode "or" mixing of the desired number of pulse counts 

from the decade scaler. 

To obtain discrete pulses on these lines for driving the output counter, 

each of the nine signal lines containing the output signals of a duration 

from one to ten pulses must now be combined with the pulse driving the 

decade scaler. This is done in the increment gate which will be 

described later. 

A single shot multivibrator is used to trigger the decade scaler to 

provide a fixed pulse duration into the first flip-flop regardless of the 

driving period. The pulse used to obtain the discrete increments in 

the increment gate is not actually the same pulse as the decade scaler 

drive, but is shifted out of phase from the scaler drive. It is obtained 

from an inverter driving a single shot multivibrator to provide a fixed 

duration increment pulse. The increment pulse occurs between each 

decade scaler driving pulse and acts as a sample gate. After the scaler 

advances, the increment single shot is then triggered to provide the 

increment pulses to be used according to the position of the scaler. 



This sequence is carried throughout the system to prevent erroneous 

operation due to overlapping pulses or delays. The sequence will be 

explained further in the increment gate section. 

3.5 Bidirection Ring Counter (Figure 9): A ring counter is used to locate 

the position within an output cycle in order to apply the required amount 

of increment pulses to the output counter. Since the principal function 

of the generator is to create a low-frequency sine wave with maximum 

accuracy, the system was designed to create primarily a periodic and 

symmetric wave shape. Therefore, the output may be visualized as 

increasing in a given pattern of increments, and then decreasing in an 

exact mirror image of the increasing pattern. With this application in 

mind, it is possible to construct a fixed program of increments that can 

be stepped through in sequence and then reversed to step back in the 

opposite direction. When back at the origin, it is possible again to 

reverse direction to repeat the cycle. For symmetrical functions about 

a zero axis, the output polarity may be reversed on alternate half cycles. 

This type of time programmer is designed with a bidirectional ring counter 

to furnish the necessary discrete outputs that control the number of pulse 

increments to be fed to the output counter at the desired time interval. 

The bidirection counter is driven by the output of the decade increment 

scaler, and each driving pulse represents ono-lontTi the driving period or 

one-third degree of the derived output period. The bidirectional ring 



counter produces two hundred and seventy discrete outputs. Each output 

line represents one-third degree of the output cycle. The ring therefore 

provides a total count of ninety degrees of the complete three hundred 

and sixty degree output cycle... The ring is made to count over one 

quarter of the output cycle. 

The outputs of the ring.are..connect.ecLto the increment gate through 

a program board to supply a gating level to the desired increments 

during the selected increments. For example, to produce a sine wave, 

it is necessary to connect the gate lines of the ring that corresponds to 

the time intervals of the initial zero degrees and one-third degree to 

the increment gate that allows six pulses to advance the output counter. 

The next one-third degree ring gate corresponding to the period time of 

zero degrees and two-thirds degrefe will gate five increment pulses. 

The next ring gate line corresponding to one degree exactly will again 

cause six increment pulses to advance the output counter. This program¬ 

ming continues throughout the total ninety degrees or one quarter of the 

output cycle, where it is then reversed to count back to the origin. 

The ring counter is actually composed of two flip-flop counters and 

is called a ring only as a matter of convenience. One flip-flop counter 

has a scale of ten while the other has a scale of twenty seven to provide 

the total range of two hundred and seventy. The decade counter contains 

ten "Nor" decode circuits to create the ten discrete pulse lines from the 
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counter's binary-icoded-decimal outputs. The scale-of-twenty-seven 

counter is comprised of three scale-of-three flip-flop counters which 

will be described in detail later. The outputs of these counters are 

first decoded to three discrete lines each by one diode "OR" for each 

by-three scaler. The nine output lines are then combined into twenty- 

seven lines by twenty-seven, three input Nors. 

Since the output of the increment decade scaler previously mentioned 

is connected directly to the input of the by-twenty-seven scaler, each 

of the twenty-seven outputs represents a one-third degree interval of 

the output. These outputs are combined in two input diode "And" circuits 

with the ten outputs of the decade scaler that is driven by the by-twenty- 

seven scaler which advances the decade scaler every nine degrees of the 

output cycle. Therefore, the ring counter has ten rows, each with 

twenty-seven output points representing discrete intervals of one-third 

degree. The ten rows may be labeled from zero to ninety degrees in 

nine degree intervals while the twenty seven columns represent zero to 

nine degrees in the one-third intervals. 

Both the decade and by-twenty-seven counters in the ring must be 

capable of counting either up or down and are therefore called 

bidirectional. . The direction of count is controlled by DC levels on 
* ^ 

either an "up" line or "down" line. These levels are derived from a 

flip-flop that changes state every quarter cycle. The circuitry of the 

bidirectional counters will be discussed later. 

17 



3.6 Program Board: The purpose of the program board is to connect the 270 

discrete time pulse lines from the bidirectional counter to the desired 

increment gate to allow the required quantity of pulses to increase the 

output count at that instant of time described by the time pulse line. 

The board consists of terminal pins arranged in 27 columns representing 

the time intervals of one-third degree to furnish time pulses up to nine 

degrees of the output cycle. There are ten rows in each of these 

columns to allow a total count of ninety degrees of the cycle. On one 

side in each row, ten smaller terminal pins provide the input to each 

increment gate. For each time interval, it is possible now to connect 

wires from the time interval to the desired increment change during 

that interval. Very likely many time interval terminals in rows may 

be connected to the same increment gate input. To accomplish this 

a solid wire would be bussed from the increment gate input terminal 

straight across to the appropriate time interval terminals. In the case 

of a sine wave, the bussing usually alternates between two increment 

terminals. 

The signals on the time interval terminals are derived from two input 

diode "ands11 in the ring counter which contain an isolation diode in 

each lead ahead of the terminal to allow the convenient straight 

bussing of terminal pins. Each increment gate terminal connects to 

a resistive input "Nor11 circuit to drive the output counter. A diagram 
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TABLE I 

INCREMENTS FOR SINE WAVE PROGRAM 

INCREMENT ANGLE INCREMENT 
Degree/Minute 

6 7 00 6 

6 7 20 6 

5 7 40 5 

6 8 00 6 

6 8 20 6 

6 8 40 6 

6 9 00 5 

6 9 20 6 

5 9 40 6 

6 10 00 6 

6 10 20 5 

6 10 40 6 

6 11 00 6 

5 11 20 6 

6 11 40 5 

6 12 00 6 

6 12 20 6 

6 12 40 5 

zo 



4in 

00 

20 

40 

00 

20 

40 

00 

20 

40 

00 

20 

40 

00 

20 

40 

00 

20 

40 

00 

20 

INCREMENT ANGLE INCREMENT 
Degree/Minute 

6 19 40 6 

6 20 00 5 

5 20 20 5 

6 20 40 6 

6 21 00 5 

5 21 20 6 

6 21 40 5 

5 22 00 6 

6 22 20 5 

6 22 40 5 

5 23 00 6 

6 23 20 5 

5 23 40 5 

6 24 00 6 

5 24 20 5 

6 24 40 5 

6 25 00 6 

5 25 20 5 

6 25 40 5 

5 26 00 5 
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ANGLE INCREMENT ANGLE INCREMENT 
Degree/Mirtute Degree/Minute 

26 20 6 33 20 5 

26 40 5 33 40 4 

27 00 5 34 00 5 

27 20 5 34 20 5 

27 40 5 34 40 5 

28 00 5 35 00 5 

28 20 6 35 20 4 

28 40 5 35 40 5 

29 00 5 36 00 5 

29 20 5 36 20 4 

29 40 5 36 40 5 

30 00 5 37 00 5 

30 20 5 37 20 4 

30 40 5 37 40 5 

31 00 5 38 00 5 

31 20 5 38 20 4 

31 40 5 38 40 5 

32 00 5 39 00 4 

32 20 5 39 20 5 

32 40 5 39 40 4 

33 00 5 40 00 5 
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20 
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00 
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INCREMENT ANGLE INCREMENT 

4 

Degree/Minute 

47 00 4 

5 47 20 4 

4 47 40 4 

4 48 00 4 

5 48 20 4 

4 48 40 4 

4 49 00 4 

5 49 20 4 

4 49 40 3 

4 50 00 4 

4 50 20 4 

5 50 40 3 

4 51 00 4 

4 51 20 4 

4 51 40 3 

4 52 00 4 

4 52 20 4 

4 52 40 3 

4 53 00 4 

4 53 20 3 
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40 

00 
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00 
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00 
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00 
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00 
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40 

00 

20 

40 

00 

20 

INCREMENT ANGLE INCREMENT 

4 

Degree/Minute 

60 40 3 

3 61 00 3 

3 61 20 2 

4 61 40 3 

3 62 00 3 

3 62 20 3 

4 62 40 2 

3 63 00 3 

3 63 20 3 

3 63 40 2 

4 64 00 3 

3 64 20 2 

3 64 40 3 

3 65 00 2 

3 65 20 3 

3 65 40 2 

3 66 00 3 

3 66 20 2 

3 66 40 2 

3 67 00 3 

3 

24 
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ANGLE INCREMENT ANGLE INCREMENT 
Degree/Minute Degree/Minufe 

67 40 2 74 40 1 

68 00 2 75 00 2 

68 20 2 75 20 1 

68 40 2 75 40 2 

69 00 3 76 00 1 

69 20 2 76 20 2 

69 40 2 76 40 1 

70 00 2 77 00 1 

70 20 2 77 20 2 

70 40 2 77 40 1 

71 00 2 78 00 1 

71 20 1 78 20 1 

71 40 2 78 40 2 

72 00 2 79 00 1 

72 20 2 79 20 1 

72 40 2 79 40 1 

73 00 1 80 00 1 

73 20 2 80 20 1 

73 40 2 80 40 1 

74 00 1 81 00 1 

74 20 2 

25" 

81 20 1 



V\in 

40 

00 

20 

40 

00 

20 

40 

00 

20 

40 

00 

20 

40 

00 

20 

40 

00 

20 

40 

00 

INCREMENT 

0 

1 

1 

1 

1 

0 

1 

1 

0 

1 

0 

1 

0 

1 

0 

0 

1 

0 

0 

0 

ANGLE 
Degree/Minute 

88 20 

88 40 

89 00 

89 20 

89 40 

90 00 

INCREMENT 

1 

0 

0 

0 

0 

0 
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of the terminal board and a connection diagram for a sine wave are shown 

in Figure 10 and Table I lists the increments entered in the counter during 

each one-third degree. 

3.7 Increment Gate (Figure 11): The increment gate consists of nine "Nor" 

circuits that each accept inputs from the increment decade counter, the 

output of the time programmer, and the increment pulse. As mentioned 

in the increment generator section, the increment decade counter 

provided nine lines from "Nor" logic that remained "on" for the duration 

from one to nine pulses of the input drive. "Nor ^1" remains "on" for 

one pulse duration over a total count of ten while "Nor ^9" remains 

"on" for nine pulse durations. By remaining "on", the "Nor" logic is 

actually considered at ground state as it drives other "Nor" logic. 

Therefore, "Nor ^1" actually goes to ground for one pulse duration 

while "Nor ^9" remains at ground for nine pulse durations. 

The output of the time programmer is nine "Nor" circuits also. 

Their single input each is programmed through the programming terminal 

board with the two hundred and seventy outputs of the diode "And" in 

the ring counter. Therefore, the discrete time pulse from the ring 

counter goes through the program board to the appropriate one of the 

nine "Nors" to cause its output to go to ground. These nine programmer 

"Nors" are connected each to one of the inputs of the increment gate 

"Nors". 
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Now it can be seen that if the programming "Nor", for example ^5, 

goes to ground, indicating that five pulses should be sent to the output 

counter, and the output of the ^5 "Nor" of the increment counter goes 

to ground for the period of five input pulses, then the output of the 

increment "Nor" will tend to come up as these inputs go to ground. 

However, since one more input remains on the increment gate, its 

output cannot come up until the increment sampling pulse goes away. 

Since the increment sampling pulse occurs in the center of each driving 

pulse and is the output of an inverter driven by a "single shot" to fix a 

given sampling period, the increment gate output will rise only for a 

short duration when the increment sampling pulse falls to ground. 

The increment sampling pulse occurs at the center of each input 

driving pulse as the entire system advances on the fall of an input driving 

pulse. This allows the flip-flops in the increment counter and the ring 

counter to change state and assume the proper levels before a sample 

pulse is received. This prevents transient delays from falsely triggering 

the output counter. Also, since the ring counter is advanced when the 

increment counter falls to zero, the zero count in the increment counter 

is not used. This allows for delays that are encountered in the diode 

circuitry and programming board wiring capacitance when the time 

programmer changes state. 

The nine outputs of the increment gates are combined in a diode "or" 



circuit to feed the output counter. Of course, only one of the nine 

output gates will trigger the output counter during any given time 

interval with the number of pulses determined by the programmer 

interval. The diode "or" circuit drives an "And" circuit in which 

the other input is connected to the programmer "Nor" in which all 

time intervals are connected that require no incremental changes in 

the output counter. When the time pulses for zero increments arrive, 

the "Nor" goes to ground and prevents any increment pulses from 

accidentally triggering the output counter. Following the two-input 

"And" is an inverter to drive the output counter on the rise of the 

increment trigger pulse. Also, the buffered inverter provides the best 

driving source for the first flip-flop stage of the output counter. 

Through the use of the sampling pulse, the trigger input to the 

output counter is intentionally delayed in the increment gate. This 

causes the output cycle to be shifted with respect to the input driving 

period by the amount of one-half the driving period. This shift is 

corrected by using the complimentary outputs of the three input stages 

of the system. 

3.8 Bidirectional Binary Counter (Figure 12): The output counter is a 

bidirectional binary flip-flop counter totalizing the pulses from the 

increment gate. Ten flip-flops are arranged with "And" and "Nor" 

gates on each flip-flop input to cause the counter to increase if the 
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"up" line is energized or the count to decrease if the "down" line is 

energized. As mentioned before, the direction is controlled by a 

flip-flop that changes state every quarter cycle or every time the ring 

counter recycles through zero. 

The output counter is the digital output of the system that indicates 

the resulting function. A binary display indicates the position of this 

counter and its output may be preset to start at any desired level. The 

circuitry of the counter is discussed in Section 4.1. 

3.9 Digital-to-Analog Converter: To transform the binary-coded digital 

output of the bidirectional output counter to a corresponding analog 

voltage function, a digital-to-analog-voltage ladder resistance network 

was designed to be controlled by transistor switches directly connected 

to the outputs of the flip-flops in the output counter. The resistor 

network provides a source impedance of nearly 600 ohms with a full 

scale range of one volt. The resistor configuration and the transistor 

switch circuitry will be discussed in Section 4.2. 

4.0 DESIGN AREAS OF INTEREST 

4.1 Bidirectional Counters: One of the major circuit problems encountered 

in the construction of the function generator was the bidirectional counters. 

Since the bidirectional binary output counter was the simplest of the 

three types of bidirectional counters used, it will be discussed first. 

The circuitry is fairly straightforward as shown in Figure 12? involving 
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the selective gating of either the output or its complement of one flip- 

flop stage to the succeeding stage. Since a flip-flop stage is best 

driven by a "Nor" stage to give a sharp fall time to trigger the input 

capacitance of the flip-flop, the normal output is used in the "down" 

condition of counting while the complement is used in the "up" condi¬ 

tion because of the inverting property of the "Nor" driver. 

The decade bidirectional counter in the ring counter was more 

difficult to instrument because of the required feedback paths in both 

the "up" and "down" modes. The logic for the counter is shown in 

Figure 13. Some timing problems were encountered in the two impor¬ 

tant feedback paths that were necessary for proper operation of the 

decade scaler. The "two" stage is inhibited when the "eight"stage is 

"ON" in the "up" mode. Zero count in the counter must be indicated 

to inhibit the "two" stage also in the "down" mode when transferring 

from a count of zero to a count of nine. Since the use of a "Nor" 

before each flip-flop causes a timing problem in flip-flop gating as 

the input capacitor is normally charged to -12 volts instead of being 

at ground as is commonly found in flip-flop gating, a bistable latching 

circuit is actuated during the zero count to provide a transitional delay 

in decreasing to the count of nine to prevent a race condition in the 

"down" mode. Once the count of nine is reached, the counter then 

functions in a manner similar to the bidirectional output counter. 
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It should be mentioned that all the bidirectional counters in the output 

and ring counter stages contain capacitance coupling in addition to the 

standard flip-flop input between each flip-flop and the gating circuitry 

on the next stage input. This type of coupling allows the "up" and 

"down" lines to be actuated without affecting the counter as long as 

the transition does not occur as an input pulse occurs to the counter. 

The general system timing of the function generator prevents this event 

from happening by delaying the counter's input signal one-half of an 

input period from the signal that advances the ring counter and actuates 

the "UP-DOWN" flip-flop stage. 

The last bidirectional counter used in the function generator has a 

count of twenty-seven and is found in the ring counter section along with 

the bidirectional decade counter to form the ring count of two hundred 

seventy. The count-of-twenty-seven counter consists of three stages 

each consisting of a count-of-three flip-flop stage. This stage is a 

convenient scaler to use because of the simplified decoding scheme that 

can be used to obtain three output lines from the two flip-flops in each 

stage. Since only one flip-flop of a count-of-three stage is "on" 

during one-third of the total output period, only a single two input 

diode "or" is required to provide a signal during the zero count while 

each flip-flop output will supply the other signals on the "one" and 

"two" lines respectively. Complement outputs are obtained since the 
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successive ring counter decoding stages utilize "Nor" logic. The feed¬ 

back connections for the counter are shown in Figure 14. 

The timing of the three-counter was the most critical of all the bidi¬ 

rectional counters as the multiple feedforward and feedback loops 

encountered many delays. The placement of the input "Nors" was 

optimized to absorb these delays. While some of the circuitry may 

seem redundant, it serves the purpose either of adding necessary delays 

or of providing addition isolation for the input of the stage to decrease 

the loading of the driving stage. 

4.2 Digital to Analog Voltage Ladder Resistance Network: The output section 

of the function generator converts the digitally-programmed signals into 

an equivalent analog voltage. It is an important section of the overall 

system because it determines the accuracy of the analog representation 

of the function and the amplitude stability and noise level of the output 

signal. 

Several methods of digital'-to-analog conversion that had appeared in 

recent books and current periodicals were considered. A widely used 

method was the switching of currents as described in section 1.1. The 

Kelvin-Varley voltage divider scheme was found to be widely used in 

stepping switch circuitry; however it is unsuitable for semiconductor 

switching. 

The binary chain of resistors of value R and 2R, as shown in Figure 15, 
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appeared to have good possibilities and suggestions were found showing 

the switching of a common current-source into various sections of the 

resistor chain. The requirement for current sources was not desirable 

and through the use of superposition the requirement for a current source 

was changed to consist of a voltage source in each leg of the resistor 

network as shown in Figure 16. This achieved an excellent digital-to- 

analog-voltage ladder resistance network with a constant output imped¬ 

ance. The network is easily driven by transistorized switches. The 

only critical requirement in the operation of the network is that the 

reference power supply has an output impedance that is very much less 

than the resistance values of the network. Therefore, it matters very 

little whether or not one resistance leg of the network is grounded or 

connected to the output of the reference supply. 

The requirement of switching a low impedance power supply to each 

leg of the resistor netowrk is accomplished by using a transistor emitter 

follower as a switch in the special configuration shown in Figure 17. 

Since all resistance legs require the same reference voltage, identical 

switch configurations are used to connect each resistance leg to the one 

reference supply. All switches are operating at a relatively high level 

of 20 volts eliminating the need for switching small voltages or currents. 

The transistor Switch has a saturation voltage drop that .is stable 

to nearly one millivolt over the full scale output range. It varies with 
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the number of switches "on" in the network as the voltage along the 

network changes. This affects the current through the switch which 

causes some variation in voltage drop. Since the voltage tends to change 

about two millivolts with a current variation of four milliamperes, the 

equivalent saturation resistance is in the order of one-half ohm. The 

low saturation resistance is the result of supplying a driving current for 

the switch from base to collector of the transistor. The base is supplied 

from a potential higher than the collector. This results in a saturation 

resistance of nearly a decade less than that obtainable from the normal 

transistor operation. In this configuration the transistor suffers from a 

lower gain and the required base drive is equal to the current being 

supplied to the network. In fact, if the base current is increased, the 

emitter can be made to rise above the collector. With the optimum 

choice of base drive, the collector-to-emitter voltage drop can be 

adjusted to zero by making the voltage drop from base-to-collector and 

base-to-emitter equal. The voltage drop will vary with temperature 

and output current because of the finite saturation resistance of the 

switch. Practically, it would be desirable to use as high a resistance 

value in the ladder network as possible to keep a low current variation 

with changing output. However, the required accuracy could be met 

with the resistance values required to offer an output impedance of 

600 ohms with a 10 volt output capability. Since the transistor is 



switching a 20 volt level and the voltage drop variation is held to less 

than twenty millivolts, the required one-tenth percent accuracy is 

accomplished. 

If only very low frequencies are generated, then relay switching of 

the output voltage is possible to simplify the output circuitry. Not 

only is the saturation resistance decreased to less than five milliohms 

but the bipolar requirement of the switch is accomplished. The final 

data obtained from the prototype, instrument used mercury-wetted relays 

connected as shown in Figure 18, and driven from the flip-flops of the 

output counter in place of the transistor switches. The relays limited 

the input repetition rate of the prototype to less than one hundred cps 

or an output frequency of less than one hundredth of a cycle per second. 

Since the mercury-wetted relay is a make-before-break contact, it is 

necessary to use an extra resistor in each leg to prevent shorting the 

power supply directly to ground. A short transient of a few milliseconds 

occurs during switching, but it is easy to filter out of the output. The 

output polarity is reversed in the output leads with mercury-wetted relays 

being used again. Since the output is always zero during the polarity 

change for monotonic functions, no trouble is experienced with the make- 

before-break contacts. 

4.3 Special Circuit Considerations: Most of the circuitry consists of repetitive 

application of several groups of identical logical elements arranged on 
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plug-in, printed circuit boards. The elements consist of flip-flops, three 

different forms of "Nor" logic elements, four different "Ands", a bistable 

element called the latch, diode "or" mixing boards, and two forms of the 

multivibrator, the free running and the single-shot multivibrator. A 

level detector is also necessary for the input circuitry. 

All the circuitry follows a standard form of design that is described in 

i 

section 4.4. However, the ring counter driving stages and gating 

circuitry to the increment counter that allows direct bussing of the 

programming board is a departure from the other circuitry. 

As will be described later, the standard configuration of driving one 

circuit by another is supplying current to the circuit from a resistor or 

emitter follower connected to -12 volts. Very little current is supplied to 

the stage in the "off" condition as it is the amount necessary to hold one 

end of the bias resistive voltage divider to ground. In the ring counter 

"and" gates, this idea is not followed and instead of placing resistors on 

the input of the "and" to provide the required "off" current to hold the 

diode at ground potential, the normal diode "and" configuration is used. 

The difference between these circuits is illustrated in Figures 19, 20 and 

21. 

The diode "and" gate requires current to be supplied from ground 

through the emitter-to-collector junction of the transistor, the diode in 

the "and", and the 
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"and" resistor to the negative 24 volt supply. The "and" resistor must be 

small enough to supply sufficient current from the negative 24 volt supply 

to drive the following collecting "nor" stage through the programming 

board. The unbuffered "nors" driving the "and" gate circuits are required 

to furnish sufficient current for as many as twenty seven "and" gates. 

Therefore the values of the input resistors were modified to furnish enough 

base current to hold all the "ands" at ground. With a maximum of three 

milliamperes per "and", a maximum total of eighty-one milliamperes is 

required. Adding the current required by the collector resistor of about 

ten milliamperes and dividing by the minimum gain of the transistor, nearly 

two milliamperes base drive are required to hold the transistor in saturation. 

The input base circuit was calculated to deliver the required current under 

the conditions that will be discussed later in the next section. The complete 

circuit for a section of the ring counter and increment gate is shown in 

Figure 22. 

The remaining problem is the summing of the discrete pulses from the ring 

counter at the collecting nors of the increment gate. A maximum of a little 

more than fifty lines tied to one increment gate input was established as the 

design maximum for the section. A sine wave program requires fifty-one 

connections to one point for the step-six increment. With the circuitry as 

shown as much as two hundred microamperes leakage may be tolerated in the 

diodes connected to one point and still furnish the required drive to the 
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collecting "nors". With Fifty diodes being held at ground while one is 

supplying current to the common drive line, each diode may have a 

leakage of four microamperes or less. In the configuration about five 

volts is the maximum that is encountered across the diode to cause the 

four microamperes of leakage. The diodes used were selected to have 

this maximum!leakage. 

The additional resistor used in series with the isolation diode was 

intended to lower the back voltage across the nonconducting diode to 

reduce the leakage. Since they also tend to reduce the drive, their 

use is of doubtful value; however it was a point of interest to experi¬ 

ment with the relative values of different circuit configurations. The 

other slight disadvantage is the additional delays encountered in 

increasing the source impedance. The source impedance is now twenty 

thousand ohms and assuming a cable capacitance of at least one hundred 

micro-micro farads, an additional few microseconds are encountered. 

When the base drive capacitance delays are added to the input drive 

delays, Qn upper limit of one hundred kilocycles becomes difficult 

to achieve, even with the scheme of allowing one-half of the input 

period before sampling the increment gate. Allowing also for the delays 

in flip-flops of the ring counter to change state, a more realistic figure 

in maximum driving frequency is actually less than fifty kilocycles which 

would limit the output frequency to less than four cycles persecond. The 
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frequency is limited only by the delays of the circuitry and the circuitry 

of the engineering model will achieve the required output frequency of 

one cycle per second as up to fifty microseconds of delays can be tolerated 

in the programmer before a sampling pulse is received to advance the out¬ 

put counter. 

Another special consideration was required in the programmer to actuate 

the change of slope and the increment following the change of slope. The 

change of slope circuitry is shown in Figure 23. The change of slope is 

actuated by the presence of zero in the ring counter but delayed until the 

fall of the sampling pulse from the increment gate. This allows the ring 

counter to settle on zero count before the change of direction is caused. 

Furthermore, this change occurs during the zero count of the increment 

counter. Pulses can be gated into the output counter only during the 

intervals between one and nine in the increment counter and then only 

when a sample pulse occurs which limits the number of discrete pulses to 

nine that can be fed to the counter during any twenty minute interval of 

the output cycle. 

During the first zero count of the increment counter, the ring counter 

has had a chance to settle on the new zero degree time interval, the out¬ 

put counter and the ring counter then have the up or down gating lines 

changed to prepare for next action pulses. The action pulses for the 

output counter occur immediately following in the next one to nine inter¬ 

vals of the increment counter while the ring counter does not change until 
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the nine count of the increment counter falls. This system of timing allows 

a smooth transition between slope changes and allows the new increment to 

be gated to the output counter at the proper time and when the new direc¬ 

tion of count is established. 

The increment of count for the time interval corresponding to zero degrees 

and ninety degrees of the three hundred and sixty degree output cycle is not 

the same buf zero count in the ring counter corresponds to both zero and 

ninety degrees. Therefore some distinction must be made in the programming 

of the zero time increment when it represents zero degrees and when it 

represents ninety degrees. In general, whenever the ring counter is advanc¬ 

ing with increasing counts, the zero time interval will correspond to zero 

degrees and whenever zero time is reached and the ring counter assumes a 

direction of decreasing counting, the time interval is taken to be ninety 

degrees. By this method, in order to form a sine wave it is necessary to 

gate in six increment pulses to the output counter when the ring counter is 

increasing and indicating zero. When it is decreasing and zero, it must not 

gate in any increment pulses as it is now at the peak of the sine wave at 

ninety degrees. The additional circuitry required is shown in Figure 24 and 

consists of two gating circuits to provide a signal of zero time interval and 

"up" for the zero degree time pulse and zero time interval and "down" for 

the ninety degree time pulse. These two pulse lines are placed with the 

other ring counter outputs on the programming board. 
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The sequence of events begins with the ring counter at zero time with 

the output counter at zero and both of them in the "up" mode. The pulses 

are advanced into the output counter as determined by th£ connection of 

the programming for zero degrees. After the ring counter and output 

counter advance until time two hundred and sixty nine^for a sine wave 

no increment pulses are fed into the output counter as determined by the 

programmer connection to eighty-nine degrees and forty minutes. As soon 

as zero degrees is reached^both counters will be caused to change from "up" 

to "down". Now the increment pulses feeding the output counter are 

determined by the connection of the ninety degree terminal which would 

be no incremental pulses as opposed to the initial six pulses at zero degrees 

for a sine wave. The counters are now in the "down" condition and as 

soon as another time interval is reached the ring counter steps 

back to eighty-nine degrees and forty minutes and repeats the command of 

no increment pulses for the sine wave. The counter continues to go in 

reverse through the commands as programmed on the terminal board until 

zero time is once more encountered. At the beginning of zero time both 

counters are once more reversed and the "up" condition is now rendered. 

Since the "up" condition has occurred before any pulses are sent to the 

output*"counter, the number of incremental pulses applied will now be 

determined by the zero degree programming terminal and should indicate 

six pulses for a sine wave. The transition between "up" and "down" 

always occurs during the first interval of the input frequency at zero count 
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of the increment coun^ before the increment pulses are gated out during 

the intervals of one through nine of the increment counter. While the 

ring counter advances on the fall of the nine count of the increment 

counter, all other transitions and increment pulses occur during the 

sample pulse which is delayed by one-half the input frequency. 

4.4 Circuit Design Techniques: All digital switching circuitry was designed 

to fulfill a standard set of operational requirements. The most important 

requirement was the solution of the two simultaneous equations concern¬ 

ing the input base drive conditions of the transistor switch. 

INPUT BASE EQUATIONS 

<Eo„- Ebe>/ 'base* <Vbias + Ki*l + <VEoff) R, <'> 

<Vbias-%e>/R2 = l=o+''<EofrEbe>/Rl ® 

Equation (1) relates to the saturated condition of the switching transis¬ 

tor shown in Figure 25, while (2) relates to the unsaturated condition 

shown in Figure 26. The values used in these equations must be the worst 

case values that are expected to occur during the operation of the system. 

In Equation (1) V should be the maximum value of bias voltage possible 
bias 

with the amount of available regulation of the bias supply, while in 

Equation (2) the bias voltage should be considered the minimum possible 

value. Conditions of signal level which represent the extreme cases of 

circuit operation under the two states of the incoming signal are inserted 

in the appropriate equation to find the wors£ case solution. 
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The definition of the quantities in the equations and their designated 

lues are as follows: 

A. E is the value of incoming voltage that must cause the transistor 
on 

switch to saturate. The normally expected signal level is -12 

volts; however, because the signal level may become degenerated 

through diode logic, a value of -10 volts was used in the equation 

to guarantee adequate drive. 

B. E Is the voltage drop that is expected between the base and the 
be 

emitter. This voltage will subtract from E to qive the emitter 

drive current supplied by EQn through the base resistor Rj. 

Germanium switching transistors have a maximum E^of 0*35 

volts.with about one milliampere base current. 

C. Ryis the input base drive resistor to be found. Three identical 

resistors are connected to the base to form d mixing circuit for 

three different signals. The presence of any one of the signals 

with a voltage greater than will cause the transistor to 

saturate. In the solution of this equation, the value of the input 

resistor Rj that has the signal applied must be multiplied by 1.05 

to allow for the worst case tolerance of a 5% resistor. 

D. e'
s the minimum amount of base current that is required to 

saturate the transistor and hold it in this condition with a 

collector-to-emitter current of the maximum required amount. 



Since a maximum of 12 milliamperes is allowed in the saturated 

collector circuit and the 2N652 transistor employed exhibits a 

minimum large signal current gain (Forced Beta) of 40, the value 

of I, inserted in the equation is 0.3 ma. 
base n 

E. The bias voltage V^. will vary with operating conditions. The 

value used to find the amount of drive signal dissipated in the bias 

resistor must be the maximum expected bias voltage. Also in this 

calculation the bias resistor should be decreased in value to account 

for the 5% variation in tolerance. The total current diverted from 

the base drive current to the bias supply is increased slightly 

because of the increase in voltage drop across the bias resistor due 

to the base-to-emitter voltage during saturation. 

F. The last current sink for the input drive current is the current drain 

through the other input resistors of value assuming these inputs 

do not have an "on" signal level applied. Therefore the value of 

"off" signal level is used to calculate this current drain. The 

desired signal level in the "off" state is zero volts; however this 

is not attainable in a practical system and the signal level is 

expected to vary from +0.5 volts to -1.0 volts in the "off" state. 

Since any "off" signal in the neighborhood of -1.0 volts would 

aid in the driving signal, the possibility of an E of +0.5 volts 

is the calculation of interest in finding the total diverted drive 

signal by these unenergized inputs. Again the base-to-emitter 
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voltage must be considered and the value of the resistor R must 

be decreased by the 5% tolerance. The number of inputs involved 

in this calculation is one less than the total number of resistive 

inputs to the transistor switch. 

The above six conditions have satisfied the worst case requirements for 

the transistor switch to operate in a practical system under a saturation 

condition. Now the following conditions for a non-conducting transistor 

in the same circuit configuration are considered with a different set of 

parameters for Equation (2) to represent the worst case in this mode of 

operation. 

A. 's now the minimum possible voltage from the bias supply 

that is available to supply the leakage of the transistor in the 

non-conducting mode and maintain a reverse voltage from base 

to emitter. The required reverse base voltage is E^ and at least 

+0.3 volt is necessary to maintain a stable cutoff condition for 

the transistor at high temperatures. If the reverse bias voltage 

were allowed to approach zero volts at high temperatures, a 

condition of thermal runaway would exist in the transistor and 

the leakage currents would develop enough base voltage across 

the equivalent input resistance to allow the transistor to begin 

conduction. As soon as conduction is initiated, the transistor 

junction will tend to increase in temperature due to the increased 

power dissipation caused from the collector voltage and the 



addifion of a conduction current from collector to emitter. The 

additional heat from the dissipated power increases the leakage 

currents, which in turn increases the base to emitter forward 

voltage and the conduction current. This regenerative action 

can be prevented only by maintaining a sufficient reverse voltage 

from the base to emitter in the non-conducting state. With this 

condition, the gain of the transistor may be very high without 

affecting the circuit operation. Again the value taken for the 

bias resistor should be increased by the 5% tolerance to account 

for the worst possibility. 

B. I is the cutoff current or leakage current in the transistor from 
co 

base to collector. The value used depends on the maximum 

temperature expected to be encountered. A value of one hundred 

microamperes was found adequate for the 2N652 transistor at a 

maximum temperature of seventy-five degrees centigrade at a 

collector-to-emitter voltage of at least fifteen volts. Data was 

obtained on numerous production samples and the majority of 

these displayed a leakage at the high temperature in the order of 

seventy to eighty microamperes. 

C. The last term of Equation (2) accounts for the loss in bias current 

through the three input resistors. Since it is possible to have as 

much as one volt negative for a ground signal level in the “off11 



condition on all three resistors, the total voltage drop across these 

resistors is the sum of the maximum possible "off" signal voltage 

and the minimum allowable base-to-emitter reverse bias voltage. 

For worst case conditions, the value of R] should be decreased by 

the 5% tolerance and the current in each input leg should be 

multiplied by n, the number of inputs. 

The resistor values that were calculated from the two equations to be 

as close to the discussed conditions as possible resulted in a value of 

8,200 ohms for and 51,000 ohms for R2 . The maximum driving current 

required per stage is about 1.4 milliamperes from -12 volts. 

Now that the input conditions are satisfied, the transistor switch will 

have a saturated base drive of three tenth milliamperes and an unsaturated 

bias supply capable of one hundred microamperes of transistor leakage. 

With these conditions determined, the collector's output circuitry may 

now be selected according to Figures 27 and 28. The minimum current 

gain of the transistor was found not to fall below forty, even under a low 

temperature of twenty degrees centigrade. This allows at least twelve 

milliamperes to flow in the collector circuit without affecting the saturated 

condition of the switch. Under this load and Base Drive a saturated voltage 

drop of between one-tenth and two-tenths of a volt is expected. With the 

collector current capacity of 12 milliamperes, a collector resistor 2,700 

ohms is used when no emitter follower buffer is used. The resistor will 

require about eleven milliamperes from the negative twenty-four volt 
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supply. The resistor is capable of supplying nearly three milliamperes 

at -12 volts when the transistor switch is unsaturated. The collector is 

clamped at the -12 volt supply through the collector diode to assure a 

constant output voltage as long as the three mi 11 iamperes current 

capability is not exceeded. The transistor switch is therefore capable 

of driving two other similar circuits and may be considered to have a 

circuit gain of two. 

For additional gain, an emitter follower is connected to the switch 

collector with the collector of the emitter follower clamped to the -12 

supply. The output capabilities of the emitter follower is limited by the 

power dissipation of the transistor. The collector resistor of the switch¬ 

ing transistor is raised to 4,700 ohms to supply a minimum of 1.5 mi 11 i — 

amperes at -12 volts to the emitter follower base. With a current gain 

of at least forty, the output current of the emitter follower may be as 

much as sixty milliamperes; however, it is usually limited to forty 

milliamperes since it is desired to restrict the derated power dissipation 

to about forty milliwatts with a worst case voltage drop of one volt 

across the collector to emitter. Actually the transistor is capable of 

eighty milliwatts dissipation at seventy-five degrees, but a 50% derating 

is power dissipation tends to increase the operating life of the transistor. 

The emitter resistor was chosen to be ten thousand ohms and a diode was 

placed from the emitter output to the switching transistor collector to 
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lower the output impedance under the "fall" switching transition and to 

help prevent the "off" signal output from rising to more than one volt. 

An overall switching gain of thirty is available with the transistor switch 

and follower. 

All values of resistors employed with the transistor are low enough to 

allow switching times in the order of a few microseconds. The rise time 

under full load is about two microseconds and the fall is about three micro¬ 

seconds. Total delay in the circuit is about three microseconds. This is 

sufficient for operation to one hundred kilocycles. 

5.0 OPERATING PROCEDURE AND APPLICATION NOTES 

The instrument is divided into three physical sections. The major section 

comprises the input circuitry, the increment counter, the increment gate, and 

the output counter. This section also contains the controls necessary for various 

modes of operation. Through the ten input terminals on the back panel, the 

digital commands to control the increment pulses to the output counter are 

accepted. 

The front panel, as shown in Figure 29j provides an input selector switch 

to drive the function generator from either an external frequency source connec¬ 

ted to the input terminals, the manual input step pushbutton, or the internal 

multivibrator whose frequency is determined by the capacitance selected by the 

frequency selector switch in the center of the front panel. All inputs will be 

inhibited until the start button is depressed. This will allow the function to be 
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initiated at a given time. 

The selected input signal is brought to the external scaler terminals on the 

front panel so additional scaling may be used. The output signal at this terminal 

is -12 volts with a 40 ma capacity. The return input to the generator requires at 

least “10 volts at 2 ma. For use without the scaler, the two terminals should be 

strapped together. 

The output function switch determines the method of programming employed 

in controlling the output counter. Two fixed internal programs for either a 

triangle wave or a square wave are available. The triangle wave position causes 

all increment controls to be disconnected and a constant increment of three pulses 

out of ten of the input repetition rate to be gated to the counter. The square wave 

position disregards the increment method of programming and resets the counter to 

a constant value with the polarity switch being reversed every half cycle. 

When the function switch is placed in the sine wave position, the ten incre¬ 

ment command terminals are connected to the increment gate. The input commands 

are normally connected to the output of the ring counter programming panel; how¬ 

ever it may be controlled manually or by some other means. The counter chassis 

may be used as an independent incremental register controlled by the increment 

gate inputs. 

Two switches allow special control of the output signal. One switch allows 

the output to change polarity as would normally be desired or in the "No change" 

position, the output will appear in only one polarity as a rectified signal. The 
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slope normally changes direction every one quarter cycle and the counter is 

programmed over this interval. However, when the "Program" switch is placed 

in the one-half cycle position, the slopes may be changed by an external time 

pulse and the counter programmed over a one-half cycle. A set of time-pulse 

encode switches are made available to provide a time pulse selectable anywhere 

within a half cycle to control the slope change. The program should be such that 

the output counter returns to zero at the end of the half cycle to allow a smooth 

transition when the polarity is changed and the half cycle repeated. 

The state of the output counter is indicated on front panel lights in binary 

form and each stage of the output counter may be set to select the desired initial 

output voltage. The slope and polarity are also indicated and may be set to any 

initial state. A common reset button is available to return all bistable elements 

to a zero state. A synchronizing pulse terminal supplies a -12 volt, 40 mi 11 i — 

ampere signal at the beginning of every tenth input pulse which is the same as 

every two-hundred-seventieth of the output signal. The pulse remains for eight 

input cycles and falls to ground for the remaining two cycles. 

The digital-to-analog chassis contains ten mercury-wetted relays and the 

binary resistance ladder network to form the output stage of the function genera¬ 

tor. A polarity reversing relay changes the polarity of the output signal upon 

command from the increment counter chassis. The output signal contains a fixed 

fifty cycle per second filter to reduce switching transients. The full scale output 

is adjustable to more than three volts by a 2000 ohm ten-turn potentiometer. 
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The ring counter is contained on two chassis, one containing a majority of 

the ring counter output gates with the programming board as the front panel and 

the other containing the ring counter flip-flops, a few output gates, and the 

programming increment output stages. The latter chassis also contains a display 

of the individual state of the stages of the counter and a reset button for each 

stage to provide a selectable, initial starting time anywhere within the output 

cycle. The output counter must also be set initially to a corresponding value to 

provide the correct amplitude of the signal at that initial time. The ring 

counter chassis is controlled by the drive signal from the increment gate. 

The physical arrangement of the function generator is designed to allow 

versatile programming of a periodic analog function and no specific operational 

procedure is attempted here. Many different experimental connections may be 

used and the possibilities beyond the generation of a low frequency sine wave 

are unlimited if some careful planning and a few modifications are made. 

Specifically, a method of programming from a computer or random selection 

device would lend the instrument to some interesting work with non-periodic 

waveforms. 

6.0 EXPERIMENTAL TESTS AND RESULTS 

The first tests on the instrument were made by programming manually the 

increment gate, since the ring counter chassis was not completed. The results 

were crude but satisfactory enough to demonstrate the ability of the inst^ment 

to generate a low frequency sine wave. Two deficiencies limited the first test. 

The method of manually commanding the desired increment during each time 
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interval led to human failings and noyv always was the correct increment gated 

in at the right time. Second, the regulation of the -12 volt power supply was 

poor, and the first digital-to-anaiog network was tied directly to the -12 volt 

output from the emitter followers of the output counter. Every time the count 

was advanced in the counter the load change, due to the output lamp display 

tied to the same emitter follower output, caused the output voltage to vary 

drastically with output count. Therefore an extreme amount of noise was present 

on the output signal. 

The use of relays driven from a differently regulated supplier corrected 

the noise problem by providing isolation between the display lamps and the 

output resistance network. 

7.0 DISTORTION ANALYSIS 

The function generator provides an output that is represented by the relation 

Y(wt) = A sin wt + e(t) 

where e(t) is the error in the step approximation of the output signal. To examine 

the distortion over a part of the sine wave cycle that results from this error, the 

true value of the sine wave and the actual value are listed in Table II with the 

algebraic difference or the value of e(t) for each interval of wt in the output 

cycle. The distortion error is then plotted versus the angle to display the frequency 

components in the generated sine wave. 

The output of the generator increases in increments of one-thousandth of 

the output amplitude with a maximum of six increments in a one-third degree 
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TABLE II 

DISTORTION ANALYSIS 

Angle 
Degree/Minute 

Increment 
of Output 

Output Value of 
Generated Wave 

True Value of 
Sine Wave m

 
m

 

fi
 

o
 

' 

0 00 0 0.000 0.0000 0.00 

0 02 1 0.001 0.00058 +0.42 

0 04 1 0.002 0.00116 +0.84 

0 06 1 0.003 0.00175 + 1.25 

0 08 1 0.004 0.00233 + 1.67 

0 10 1 0.005 0.00291 +2.09 

0 12 1 0.006 0.00349 +2.51 

0 14 0 0.006 0.00407 + 1.93 

0 16 0 0.006 0.00465 +1.35 

0 18 0 0.006 0.00524 +0.76 

0 20 0 0.006 0.00582 +0.18 

0 22 1 0.007 0.00640 +0.60 

0 24 1 0.008 0.00698 +1.02 

0 26 1 0.009 0.00756 +1.44 

0 28 1 0.010 0.00814 +1.86 

0 30 1 0.011 0.00873 +2.27 

0 32 1 0.012 0.00931 +2.69 

0 34 0 0.012 0.00989 +2.11 
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Angle 
Degree/Minute 

Increment of 
Output 

Output Value of 
Generated Wave 

True Value of 
Sine Wave 

Error 
E(t)x 1 O' 

0 36 0 0.012: 0.01047 +1.53 

0 38 0 0.012 0.01105 +0.95 

0 40 0 0.012 0.01164 +0.36 

0 42 1 0.013 0.01222 +0.78 

0 44 1 0.014 0.01280 + 1.20 

0 46 1 0.015 0.01338 +1.62 

0 48 1 0.016 0.01396 +2.04 

0 50 1 0.017 0.01454 +2.46 

0 52 0 0.017 0.01513 + 1.87 

0 54 0 0.017 0.01571 +1.29 

0 56 0 0.017 0.01629 +0.71 

0 58 0 0.017 0.01687 +0.13 

1 00 0 0.017 0.01745 -0.45 

1 02 1 0.018 0.01803 -0.03 

1 04 1 0.019 0.01862 +0.38 

1 06 1 0.020 0.01920 +0.80 

1 08 1 0.021 0.01978 + 1.22 

1 10 1 0.022 0.02036 + 1.64 

1 12 1 0.023 0.02094 +2.06 

1 14 0 0.023 0.02152 +1.48 



Angle 
Degree/Minute 

Increment of 
Output 

Output Value of 
Generated Wave 

True Value of 
Sine Wave 

Error 
E(t)xl0 

i 16 0 0.023 0.02211 +0.89 

i 18 0 0.023 0.02269 +0.31 

i 20 0 0.023 0.02327 -0.27 

i 22 1 0.024 0.02385 +0.15 

i 24 1 0.025 0.02443 +0.57 

i 26 1 0.026 0.02501 +0.99 

i 28 1 0.027 0.02560 + 1.40 

i 30 1 0.028 0.02618 + 1.82 

i 32 1 0.029 0.02676 +2.24 

i 34 0 0.029 0.02734 +1.66 

i 36 0 0.029 0.02792 +1.08 

i 38 0 0.029 0.02850 +0.50 

i 40 0 0.029 0.02908 -0.08 

i 42 1 0.030 0.02967 +0.33 

i 44 1 0.031 0.03025 +0.75 

i 46 1 0.032 0.03083 +1.17 

i 48 1 0.033 0.03141 + 1.59 

i 50 1 0.034 0.03199 +2.01 

i 52 1 0.035 0.03257 +2.43 

i 54 0 0.035 0.03316 +1.84 



Angle 
Degree/Minute 

Increment of . 
Output PV 

: Output: Va lue of. 
Generated Wave 

True Value of 
Sine Wave 

Error - 
E(t)xl0"'3 

1 56 0 0.035 0.03374 +1.26 

1 58 0 0.035 0.03432 +0.68 

2 00 0 0.035 0.03490 +0.10 



period of the output cycle. These increments are not equally spaced throughout 

the interval, but occur in successive 1/30 degree segments. There is no change 

during the first 1/30 degree of the output cycle. The next one fifth degree may 

contain as many as six increments each occurring successively every 1/30 degree. 

If, for example, only three increments are required to be fed to the output coun¬ 

ter, then after the first 1/30 degree segment, three increments would occur 

within the next one-tenth degree interval. The remaining one-fifth degree would 

incur no further change in the output. Table II indicates the error in a sine wave 

that is generated in this form to find the content of the harmonic frequencies. 

The difference between the output wave and a pure sine wave approximately 

linearly increases as the pulses are registered in the counter because the error in 

each step tends to accumulate. When the required number of steps have been 

entered for the one-third degree interval, the accumulated error will tend to 

decrease approximately linearly as the true value of the sine wave increases 

toward the output valve. At the end of the one-third degree interval a certain 

value of residual error is found before the next interval is initiated. The 

analysis shows that not only does the error signal vary periodically within a 

one-third degree interval, but also the residual error at the end of each interval 

fluctuates periodically with a varying frequency. The distortion error signal can 

then be considered as a periodic signal with a period of one-third degree of an 

output cycle that is modulated in amplitude by a lower frequency signal with a 

varying period caused by the residual error. 
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The period of the error frequency is altered whenever a change in incre¬ 

ments is encountered. This causes a compensation in the residual error to bring 

the value of the output voltage to within better than 0.1% of the pure sine wave 

at that interval. This was the original definition of the specified distortion 

allowable in the instrument. In between each interval though, it has been 

found that the peak-to-peak deviation is nearly 0.3% of the output and has 

a fundamental frequency 1027 times as much as the output frequency. 

To compute the effective amplitude of the distortion existing in the output 

signal, an approximate method will be used instead of computing the components 

by a Fourier series. The series would be feasible, however, as it can be seen 

that the output wave will not only have "half-wave symmetry" because f(wt) = 

-f(wt but also have "quarter wave symmetry" because f(wt) = f (TT-wt). 

This is the result of the method of programming the output. With the wave 

beginning initially with zero amplitude at the origin, the wave may be repre¬ 

sented by a series of only odd sine terms expressed as 

Y(wt)= 2 2 A2n-1 S'n ^ n_1^ ^ 

This may be solved graphically by dividing one-quarter of the error signal into 

m equal parts and measuring the ordinates (y^) of the wave at the middle of each 

division. This will result in solving for the amplitude of the total distortion by 



the following expression? 

n ~oo 

Y(wt) = 2 

= 1 

A sin (2 n-1) (wt) 
2 n-1 

where: 1) 2n-l is the order of the odd harmonic to be calculated 
k = m 

2) A - (2/m) 

k = 1 

y sin (k - 1 ) (2n-l) ( TT ) 
k T 

- (2/m) sin (Y-) (2n-l) (_f£) 
2m 

+ y sin (i) (2n-l) ( IT ) 
Z 2 2m 

+ yo sin (ib (2n—1) ( TT ) 
Z 2m 

+ '“+ y~sinfe±)(2n-l)(fr) 
2m ] 

Rather than compute the individual distortion components by the preceding 

series, the total distortion will be found by a different technique. The effective 

value of any nonsinusoidal wave is the square root of the sum of the squares of 

the effective values of the component waves. Since the output wave is 

expressed as 

Y(wt) = A sin(wt) + e (t) 

the effective values of the components of e(t) may be evaluated to give the 

effective RMS distortion. 

Before proceeding with the analysis, it would be best to correct the fault 

of the initial programming to correct the continual offset of the error from zero. 
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This is readily accomplished by initially entering only■four pulses in the 

counter instead of six. The new programming follows similarly to the previous 

one but is calculated to give a more even deviation about the true sine wave 

by approximating the true sine wave at the center of a one-third degree inter¬ 

val. The fundamental shift in e (t) is removed and the higher odd harmonics 

are greatly reduced. The new program is indicated in Table 111 with the 

deviation from the true sine wave. 

Assuming that the counter changes its output in large steps of the required 

increments during a one-third degree interval, the worst case amplitude of the 

distortion may be found by finding the square root of the sum of the squares of 

the effective values of the error signal. The error signal takes the form of a 

saw-toothed wave caused by the initial deviation of the output by the sudden 

jump of the incremental change in the output. After the incremental change 

the error signal decreases approximately linearly through the zero axis near 

the center of the one-third degree interval. Then it becomes negative and 

reaches an amplitude nearly equal to the initial positive error when the error 

signal jumps to another positive error caused by the increase in the output of 

counter by the incremental change occurring at the new one-third degree 

interval. 

In evaluating the effective amount of distortion, it is the relative amount 

of power or the effective amplitude present in the total distortion components 

that is of interest. The relative power is proportional to the square of the 

amplitude over an interval of time. The effective value of amplitude is given 
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by the expression 

where: T is the unit of time for a period. 

y is the maximum deviation of the error signal e(t). 

To evaluate the effective amplitude, the error signal is examined graphically 

as shown in Figure 30 • If the signal e (t) is made zero at the center of the 

one-third degree interval as is the case in the revised program and one-half of 

this interval is considered to be one unit of time, then the effective value over 

each interval of time is the area under the square of the error signal within the 

interval. 

Considering the saw-toothed error signal, the area under the square of the 

signal becomes the area under a parabolic curve. The resulting area is one- 

third of the peak height times the base. The peak of the parabolic curve is the 

square of the peak amplitude of the saw-toothed wave. If the saw-toothed wave 

is of unit height in an interval of unit time, the effective amplitude of distortion 

will be the square root of the parabolic area which is 1/3 divided by the unit of 

time. 

Assuming the worst case peak amplitude of the error signal varying about 

zero to be 0.3% of full scale output as found in Table III, the effective area 

-6 2 
under each saw-toothed interval is 3 x 10 volt per time interval. Each inter¬ 

val is 1/1080 of the total output period, but when all the saw-toothed components 
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TABLE III 

Degree Interval Increment Error Limil \,x 10 

0 5 0 +2.1 

1/3 6 -1.4 + 1.7 

2/3 5 -1.1 +1.5 

1 6 -2.0 +1.1 

1 - 1/3 6 -1.8 +1.2 

1 4 2/3 6 -1.6 + 1.5 

2 6 -1.4 +1.6 

2 - 1/3 6 -1.3 + 1.8 

2 - 2/3 5 -1.1 +1.6 

3 6 -1,9 +1.2 

3 - 1/3 6 -1.7 +1.4 

3 - 2/3 6 -1.5 +1.6 

4 6 -1.3 +1.8 

4-1/3 5 -1.1 +1.6 

4 - 2/3 6 -1.9 +1.2 

5 6 -1.7 +1.4 

5 - 1/3 6 -1.5 +1.6 

5 - 2/3 6 -1.3 +1.8 

6 5 -1.1 + 1.6 

6 - 1/3 6 -1.9 +1.2 
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Degree Interval 

6 - 2/3 

7 

. 7 - 1/3 

7 - 2/3 

8 

8 - 1/3 

8 - 2/3 

9 

9 - 1/3 

9 - 2/3 

10 

10 - 1/3 

10 - 2/3 

11 

11-1/3 

11 - 2/3 

12 

12 - 1/3 

12 - 2/3 

13 

13 - 

Increment Error Limit x 10 

6 -1.3 +1.4 

6 -1.4 +1.7 

6 -1.2 + 1.9 

5 -1.1 +1.7 

6 -1.7 +1.4 

6 -1.5 +1.6 

6 -1.2 +1.9 

5 -1.0 + 1.7 

6 -1.7 +1.4 

6 -1.5 +1.6 

6 -1.2 + 1.9 

5 -1.0 +1.8 

6 -1.7 +1.5 

6 -1.4 +1.8 

5 -1.1 +1.6 

6 -1.8 + 1.4 

6 -1.5 +1.7 

5 -1.2 +1.6 

6 -1.8 + 1.3 

6 -1.5 +1.7 

5 -1.2 + 1.5 

7£“ 
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Degree Interval Increment Error Limit: x 10 
-3 

13 - 2/3 6 -1.8 + 1.3 

14 6 -1.5 +1.7 

14 - 1/3 5 -1.1 + 1.6 

14 - 2/3 6 -1.8 +1.4 

15 6 -1.4 +1.8 

15 - 1/3 5 -1.0 + 1.2 

15 - 2/3 6 -1.6 +1.6 

16 5 -1.2 +1.6 

16 - 1/3 6 -1.8 + 1.4 

16 - 2/3 6 -1.4 +1.8 

17 5 -0.9 +1.8 

17 - 1/3 6 -1.5 +1.7 

17 - 2/3 5 -1.0 +1.7 

18 6 -1.6 +1.7 

18 - 1/3 5 -1.1 + 1.7 

18 - 2/3 6 -1.6 +1.6 

19 5 -1.1 +1.7 

19 - 1/3 6 -1.6 + 1.6 

19 - 2/3 5 -1.1 +1.7 

20 6 -1.6 +1.7 

20 - 1/3 5 -1.0 +1.8 
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Degree Interval Increment Error Limiti x 10 

20 - 2/3 6 -1.5 +1.8 

21 5 -0.9 +1.9 

21 - 1/3 5 -1.4 +1.5 

21 - 2/3 6 -1.8 + 1.6 

22 5 -1.2 +1.7 

22 - 1/3 6 -1.5 +1.8 

22 - 2/3 5 -0.9 +1.9 

23 5 -1.3 +1.6 

23 - 1/3 6 -1.6 +1.7 

23 - 2/3 5 -1.0 + 1.9 

24 5 -1.3 + 1.6 

24 - 1/3 5 -1.6 +1.3 

24 - 2/3 6 -1.9 +1.5 

25 5 -1.2 + 1.7 

25 - 1/3 5 -1.4 + 1.5 

25 - 2/3 5 -1.7 + 1.2 

26 6 -1.9 +1.5 

26 - 1/3 5 -1.1 +1.8 

26 - 2/3 5 -1.3 +1.6 

27 5 -1.5 +1.4 

27 - 1/3 5 -1.7 + 1.2 
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Degree Interval Increment Error Limit:., x 10 

27 - 2/3 5 -1.8 +1.1 

28 6 -1.9 +1.5 

28 - 1/3 5 -1.1 +1.8 

28 - 2/3 5 -1.2 +1.7 

29 5 -1.3 + 1.6 

29 - 1/3 5 -1.4 +1.6 

29 - 2/3 5 -1.5 +1.5 

30 5 -1.5 +1.5 

30 - 1/3 5 -1.5 +1.5 

30 - 2/3 5 -1.5 +1.5 

31 5 -1.5 +1.5 

31 - 1/3 5 -1.5 +1.5 

31 - 2/3 5 -1.5 +1.5 

32 5 -1.4 +1.6 

32 - 1/3 5 -1.4 +1.7 

32 - 2/3 5 -1.2 + 1.8 

33 5 -1.1 + 1.9 

33 - 1/3 4 -1.0 +1.5 

33 - 2/3 5 -1.8 + 1.2 

34 5 -1.7 +1.4 

34 - 1/3 5 -1.5 +1.6 
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Degree Interval Increment Error Limiti x 10 
-3 

34 - 2/3 5 -1.3 + 1.8 

35 4 -1.0 +1.5 

35 - 1/3 5 -1.8 +1.3 

35 - 2/3 5 -1.5 +1.6 

36 5 -1.3 + 1.9 

36 - 1/3 4 -1.0 +1.6 

36 - 2/3 5 -1.6 +1.5 

37 5 -1.3 +1.9 

37 - 1/3 4 -0.9 +1.7 

37 - 2/3 5 -1.5 +1.6 

38 4 -1.1 +1.5 

38 - Jl/3 5 -1.7 +1.5 

38 - 2/3 4 -1.2 +1.4 

39 5 -1.8 +1.4 

39 - 1/3 4 -1.3 +1.4 

39 - 2/3 5 -1.8 +1.4 

40 4 -1.2 +1.4 

40 - 1/3 5 -1.7 +1.5 

40 - 2/3 4 -1.1 +1.6 

41 5 -1.5 +1.7 

41 - 1/3 4 -0.9 +1.8 
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Degree Interval Increment Error Limit x 10 

41 - 2/3 4 -1.2 +1.5 

42 5 -1.6 +1.7 

42 - 1/3 4 -0.9 +1.8 

42 - 2/3 4 -1.2 +1.6 

43 4 -1.4 +1.3 

43 - 1/3 5 -1.7 +1.7 

43 - 2/3 4 -0.9 +1.9 

44 4 -1.1 +1.7 

44 - 1/3 4 -1.3 +1.5 

44 - 2/3 4 -1.4 +1.4 

45 4 -1.5 +1.2 

45 - 1/3 4 -1.6 +1.2 

45 - 2/3 4 -1.7 +1.1 

46 4 -1.7 +1.0 

46 - 1/3 4 -1.8 +1.0 

46 - 2/3 4 -1.8 +1.0 

47 4 -1.8 +1.1 

.47 - 1/3 4 -1.7 +1.1 

47 - 2/3 4 -1.6 +1.2 

48 4 -1.5 +1.3 

48 - 1/3 4 -1.4 +1.4 

So 



Degree Interval Increment Error Limii r x 10 

48 - 2/3 4 -1.3 +1.6 

49 4 -1.1 +1.8 

49 - 1/3 3 -0.9 +1.3 

49 - 2/3 4 -1.7 +1.2 

50 , 4 -1.6 +1.5 

50 - 1/3 4 -1.1 +1.7 

50 - 2/3 3 -0.8 +1.4 

51 4 -1.5 +1.4 

51 - 1/3 4 -1.2 +1.7 

51 - 2/3 3 -0.8 +1.5 

52 4 -1.4 +1.6 

52 - 1/3 3 -0.9 +1.4 

52 - 2/3 4 -1.5 +1.5 

53 3 -1.0 +1.7 

53 - 1/3 4 -1.5 +1.5 

53 - 2/3 3 -0.9 +1.4 

54 3 -1.4 +1.0 

54 - 1/3 4 -1.8 +1.2 

54 - 2/3 3 -1.1 +1.2 

55 4 -1.5 +1.5 

81 



o 
Degree Interval Increment Error Limit x 10 

55 - 1/3 3 -0.8 +1.5 

55 - 2/3 3 -1.1 +1.2 

56 3 -1.4 +1.0 

56 - 1/3 4 -1.6 +1.4 

56 - 2/3 3 -0.8 +1.5 

57 3 -1.0 +1.4 

57 - 1/3 3 -1.1 +1.2 

57 - 2/3 3 -1.3 +1.1 

58 3 -1.4 +1.0 

58 - 1/3 3 -1.4 +1.0 

58 - 2/3 3 -1.5 +1.0 

59 3 -1.5 +0.9 

59 - 1/3 3 -1.4 +1.0 

59 - 2/3 3 -1.4 +1.0 

60 3 -1.3 +1.1 

60 - 1/3 3 -1.2 +1.2 

60 - 2/3 3 -1.1 +1.4 

61 3 -0.9 +1.5 

61 - 1/3 2 -0.7 +0.8 

61 - 2/3 3 -1.5 +1.0 

62 3 -1.2 +1.2 

82 



Error Limit- x 10 Degree Interval Increment 
-3 

62 - 1/3 3 -0.9 +1.5 

62 - 2/3 2 -0.6 +1.2 

63 3 -1.3 +1.2 

63 - 1/3 2 -0.9 +0.8 

63 - 2/3 3 -1.5 +1.0 

64 3 -1.1 +1.4 

64 - 1/3 2 -0.6 +1.2 

64 - 2/3 3 -1.1 +1.4 

65 2 -0.6 +1.2 

65 - 1/3 2 -1.0 +0.8 

65 - 2/3 3 -1.4 +1.1 

66 2 -0.8 +1.0 

66 - 1/3 2 -1.1 +0.6 

66 - 2/3 3 -1.4 +1.1 

67 2 -0.7 +1.0 

67 - 1/3 2 -1.0 +0.8 

67 - 2/3 3 -1.2 +1.3 

68 2 -0.4 +1.4 

68 - 1/3 2 -0.5 +1.2 

68 - 2/3 2 -0.7 +1.1 

83 



Degree Interval Increment Error Limit x 10 

69 2 -0.8 +1.0 

69 - 1/3 2 -0.9 +0.9 

69 - 2/3 2 -0.9 +0.9 

70 2 -0.9 +0.9 

70 - 1/3 2 -0.9 +0.9 

70 - 2/3 2 -0.8 +1.0 

71 2 -0.7 + 1.1 

71 - 1/3 2 -0.6 +1.2 

71 - 2/3 1 -0.4 +0.4 

72 2 -1.2 +0.6 

72 - 1/3 2 -1.0 +0.8 

72 - 2/3 2 -0.8 + 1.1 

73 1 -0.5 +0.5 

73 - 1/3 2 -1.1 +0.7 

73 - 2/3 2 -0.8 +1.0 

74 1 -0.4 +0.6 

74 - 1/3 2 -1.0 +0.8 

74 - 2/3 1 -0.6 +0.4 

75 2 -1.1 +0.8 

75 - 1/3 1 -0.6 +0.4 

84 



Degree Interval Increment Error Limit x 10 

75 - 2/3 2 -1.0 +0.8 

76 1 -0.4 +0.6 

76 - 1/3 2 -0.8 +1.0 

76 - 2/3 1 -0.2 +0.8 

77 1 -0.5 +0.5 

77 - 1/3 1 -0.8 +0.2 

77 - 2/3 2 -1.0 +0.8 

78 1 -0.3 +0.7 

78 - 1/3 1 -0.5 +0.5 

78 - 2/3 1 -0.6 +0.4 

79 1 -0.7 +0.3 

79 - 1/3 1 -0.8 +0.2 

79 - 2/3 1 -0.9 +0.1 

80 1 -0.9 +0.1 

80 - 1/3 1 -0.9 +0.1 

80 - 2/3 1 -0.9 +0.1 

81 1 -0.8 +0.2 

81 ^ 1/3 1 -0.7 +0.3 

81 - 2/3 1 -0.5 +0.5 

82 1 -0.3 +0.7 

85 



o 
Degree Interval Increment Error Limit x 10 

82 - 1/3 0 -0.1 -0.1 

82 - 2/3 1 -0.9 +0.1 

83 1 -0.6 +0.4 

83 - 1/3 1 -0.3 +0.7 

83 - 2/3 0 0 0 

84 1 -0.6 +0.4 

84 - 1/3 1 -0.2 +0.8 

84 - 2/3 . 0 -0.3 -0.3 

85 1 -0.3 +0.7 

85 - 1/3 0 -0.3 -0.3 

85 - 2/3 0 -0.2 -0.2 

86 1 -0.6 +0.4 

86 - 1/3 0 0 0 

86 - 2/3 0 -0.3 -0.3 

87 1 -0.6 +0.4 

87 - 1/3 0 -0.1 -0.2 

87 - 2/3 0 -0.4 -0.4 

88 1 -0.6 +0.4 

88 - 1/3 0 -0.4 -0.4 

88 - 2/3 0 -0.3 -0.3 

86 



Degree Interval Increment Error Limit x 10 ^ 

89 0 -0.1 -0.1 

89 - 1/3 0 -0.1 -0.1 

89 - 2/3 0 0 0 

90 0 0 0 

37 



are 
of each interval ^ summed over 1080 intervals, the result is an effective ampli¬ 

tude of e (t) that is equal to 0.1732% of full scale output. Therefore, the worst 

case percent of distortion is 0.1732%. 

The resulting percentage of distortion did not depend on the number of 

intervals considered as long as all the squares of the effective amplitudes were 

sum over the whole period. Therefore it is possible to consider only the sum of 

the squares of the peak heights of the error .components about the base line for 

approximately triangular or saw-toothed wave shapes. Under this consideration, 

the actual maximum peak height found from Table III is 0.18% of full scale 

output. The square of this height is 3.24 x 10~^ and the area over a unit inter- 

—6 
val of the parabolic curve is 1.08 x 10 . If all the components were of this 

height, then the worst case error would be the sum of the squares of the total 

-6 2. 
period, which would be 1.08 x 10 volt per period. The maximum total 

effective amplitude of the distortion would be the square root of 1.08 x 10 ^ 

-3 
which is 1.04 x 10 or 0.104% of full scale output. The actual square root of 

the sum of the squares from Table III is approximately 0.07%. This is without 

any filtering on the output and an even lower distortion percentage can be realized 

8.0 Conclusions 

The revised method of programming the function generator as shown in 

' Table 111 lowered the effective amplitude of distortion to within the system 

specifications. A minor revision is now suggested to reduce the distortion to 

80 
even a lower value. 



If the incremental pulses were fed to the output counter evenly over the 

one-third interval, the error signal would not have the large deviations found 

in the prototype instrument. The incremental counter would require only a few 

wiring changes to accomplish a more evenly addition of increments. 

Referring to Figure 8, the outputs from the binary to BCD decode "ands" 

are discrete pulses occuring one after another within the one-third degree 

interval. The outputs to the increment gate are from nors that receive a 

combination of the discrete pulses to form outputs that remain at ground for 

certain portions of the interval. It is during these portions that pulses are 

entered in the output counter. By reconnecting the decoded pulses that form 

the increment period, it is possible to space more evenly the pulses that advance 

the output counter. For example, the increment gate that causes one increment 

pulse to be fed to the output counter would be actuated by the number five 

decode line instead of the number one line. This places the increment pulses 

in the center of the one-third degree interval. The increment pulses toiadvance 

the output counter by four increments in the one-third degree interval would be 

obtained from the increment counter. The suggested revised connection diagram 

for the increment generator that allows evenly spaced increments to be fed to 

the output counter is found in Figure 3 I* 
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