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A HIGH SPEED, TRANSISTORIZED,
VOLTAGE ANALOG-TO-DIGITAL CONVERTER

INTRODUCTION

Analog=-to-digltal converters are becoming increasingly
more important and necessary to facilitate handling and
transmission of large quantitlies of data with a high degree
of accuracy. It is much easlier to detect the presence or
absence of a pulse than to sense to a high degree of accu-
racy an analog voltage quantity.

Several methods of coding analog voltages into digital
codes have been developed (L, p. 368-L0L). Among these
are time encoders and encoders of the counting type, lnclude
ing time~base encoders and angle encoders; binary-mask
voltage encoders; binary weighing encoders; feedback encod-
ers; and a reference-comparison encoder (3, p. 168-173), a

solution of which is to be deseribed in this thesis.,

DECIMAL TO BINARY CONVERSION:

The explanation of the manner of operation of this
reference-comparison analog-to-digital converter can best
be initiated by a simplified review of the manner in which
a decimal number 1s converted to 1ts binary equivalent.

As an example, consider conversion of the decimal number
21 to its binary equivalent. This is done by subtracting
decreasing powers of 2 from the number 21 where the result

of the subtraction leaves a positive remalinder., When a
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subtraction is performed it is recorded as a "one"; when
i1t is not performed a "gero" is indicated. Therefore, as
shown in Figure 1 on the next page, the binary equivalent
of the decimal number 21 is 10101,

It would be nice, as far as electronic circultry is
concerned, to subtract the same quantity or reference each
time a subtraction is performed rather than the decreasing
powers of 2, This can be easily accomplished by multiplying
each line in Figure 1 by successively lncreasing powers of
2 as shown in Figure 2, The binary indication is, of course,
still the same because it is still simply an indication of
whether or not a subtraction has been performed. The quan~
tity being subtracted is always 2k or 16 which is the de-

sired result.
FUNCTION OF A CODING UNWIT

How a description of the funetion to be performed by
a single coding unit can be set forth.,® If the input bto
the coding unit is less than the reference, no subtraction
would be performed so a binary "zero" should be indicated.
The output of the coder s:ould be two times the input.
If the input to the unit is greater than the reference, a

% (By a "coding" unit is meant a unit which will
perform the necessary functions required for one line
of "eonversion" as illustrated in Figures 1 and 2, The
nomenclature "encoder" will be used to describe the
entire analog-to-digital converter.)
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Fig. 2. Modified Conversion of a LDecimal Number
to a Binary Number Using a Fixed and
Constant Reference of 24,



binary "one" should be indicated and the output of the
coder would be two times the input-minus-reference quantity.
One coder is reguired for each binary digit.

Figure 3 shows a block diagram of a coding unit walch
will perform this function, If (Vj,~V,.) 1s less than zero,
the switeh turns on the AND gate and the output of the AND
gate and the OR gate is equal to Vi, (neglecting losses).

A binary output of "gzero" would be lndlcated and the out-
put of the amplifier will be two times V..

4 If (Vy,~Vy) 1s greater than zero the switen turns

of f the AND gate and the output of the OR gate is (V; -V,).
A binary output of "one" would be indicated and the oubtput
of the amplifier is two times (Vy,-Vy,), Figure l shows
these two functions graphieally. 2V, 1s the maxlimum luput

to the coder,
ENCODER DESCRIPTION

A block diasgram of a ten binary place encoder 1s
shown in Figure 5. It simply consists of 2 series of
ten coding units with the characteristics just described,
The accuracy of each coding unit will determine the
maximum number of binary bits which can be assligned to
the input voltaze. An accuraey of 1 part in 1024 (or 210)
would be desirable and will be attempted in the design of
the individual coding units, Therefore, the maxinum

error of a ten blt encoder would be one blt,
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Direcf ecoupling will be incorporated throughout so
that inputs from d-¢ to high-frequency a-c may be accom-
modated. The upper limlt of the freguencies which can
be coded will be limited by the types of transistors used,
by the elrcult configurations, and by inherent stray
capacities as far as each individual coding unit 1s cone
eqrned. Later, another fregquency limitation which is the
result of e¢ascading coding units will be discussed, With
this background it is possible to design eirculis to rill
the blocks of Figure 3 which will meet the accuracy regulre-

ments,
OBRTAINING THE REFLERENCE VOLTAGE

There are several! ways in which the required reference
voltage could be obtained, Because of the limitation on
the amplitude of the input signal due to transistor rating,
a reference voltage in the vieinlty of 2 to 4 volts would
be desirable. 3tandard cells could be used for tals pur-
pose other than for severe frequency limltations., 7ener
diodes were also considered but 1t was found that low volt-
age zener diodes have much too "round" a knee on thelr
reverse bias characteristic, Thls results in a wilde vari-
ation of dynamuic lmpedance as the reverse current flow is
varied; this wide variestion can't be tolerated, In addl-

tion to thls problem l1s the added problem of dynamically
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and statically matching ten zener diodes to a tolerance of
less than 0.05%.

Certain silicon diodes seem to offer a solution to
the problem because of their sharp forward bias knee, low
dynamic resistance, and a reasonably high frequency re-
sponse (or a short recovery time). Several such dlodes
in series would have a reasonable d-c voltage drop and a
fairly low forward dynamic impedance. Figure 6 1llus-
trates how the subtraction of Vp from V;, might be per-
formed. Attenuation of Vi, due to forward resistancecof
the diodes can be minimized by making R much larger than
this forward resistance, about 1500 times largdr if the
desired accuracy of 1 part in 1024 is to be maintailned.

R can be varied somewhat to change the quiescent current
through the diodes thereby ad justing the value of V, and
eliminating the necessity of precise matching of the ref-
erence diodes in the ten coding units. As the serles dy-
namic impedance of the three silicon diodes 1s about 150
ohms, it is easily seen that R must be about 250 kilohms
or greater. If a d-c current of approximately 2 milli-
amperes flows in the circuit a negative supply voltage of
about 500 volts is required. Thils high supply voltage 1s
the penalty which must be paid to achieve the desired
accuracy. The result is worth the priée. The value of
Vp is about 2.0 volts. This value will be somewhat
altered in the final complete circuit.
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Switching Circuit to Minimize Saturation Effects.




THE SWITCHING CIRCUIT

The requirements of the switching circuit following

the reference or subtraction circuit (Figure 3) are some-

what difficult to satlisfy, The reguirements or specifi-

cations for this cilrcult are as follows:

1

2y

3

Ly
Se

The output must switeh completely {rom one level
to the otuer for a change of only 2 millivolts on
the 1nput,

The input should be able to handle voltege ampli-
tudes of plus-or minus 3 volts without damage to
circult,

For a change of 2 millivolts on the input, the
output should change 12 volts; therefore, & minie
mum voltage gain of 6000 1s rejuired,

Response time should be made as snort as possible,
Direct coupled circuitry must be used throughout

$0 maintain d-c¢ input response,

Figure 7 shows a block diagram of the switching eircult

and the condition of each stage relative to the input and

output voltages, Saturation of any of the transistor stages

must be avoided if high-speed operation is to be maintained

(1, ps 593), The input transistor is cut ofi by positive

inputs and therefore presents a high impedance to the input

voltage at a time when excessive loading is important, as
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will be pointed out later. Saturation of the switching
circult theoretically could be avoided by connecting a
diode feedback loop as shown in Figure 8. As might be
expected, the result of this is oscillation but a cure
in the form of the compensation network and feedback loop
shown in Figure 9 is quite effective, The "trial-and-
error" method was used to determine the optimum values for
Ry7 and C). A mathematlical analysis ol the switching
circult to determline the values of Ry, and C), is impractical
because of the nonlinearity of both the ampliflér and the

feedback loop and because of the difficulty of accurately

correlating the gain and phase relationships of the tran-
sistors involved,

Figure 10 shows a schematlec diagram of the complete
switehing circult. The first stage is operated at a low
collector current so that a small base current change will
turn it on or off. The variable resistors in the emltter
circuit are used to set the bias point of the stage or in
effect the point at which the switehing sction will occur.
It 1is desirable that the resistance in the emitter ecircuit
be small so as to introduce as little degeneration as
possible.

The second and third stages are simple amplifiers,
The second stage operates falrly linearly but its output
voltage swing is sufficiently large to drive the third

stage from cutoff to near saturation. A separate 1.5 volt
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supply is used on the emitter of the third stage to avold
degeneration which would be introduced if a voltage dlvider
were used to furnish the 1.5 volts.

Figure 11 shows graphically the function of the switch.
The value of V is a functlon of the bias gsetting for the
first stage. It is important to keep in mind that the
switeh eirecult should have an output of plus 12 volts when
the input to the coding unit is less than the chosen refer-
ence voltage and an output of less than zero volts when

the input is greater than the reference,
THE LOGIC CIRCUITS

The output of the switeh eircult is applied along
with Vi, to a positive input AND gate as shown in Figure
12 (1, ps 397)s The output of thias gate 1s also shown
in Figure 12, liote the d-c dilsplacement due %o the d-c
voltaje rise across the signal input diode in the AND gate.
As will be shown later, this d-c level change will become
part of Vu.

The output of this AND gate and the signal (Vip=Vyp)
are both applied to a positive input OR gate (1, p. 394).
It should be kept in mind that the output of this OR gate
will be a result of the most positive input signal., Flgure
13 shows the OR gate, 1ts inputs, and 1its outout.

Losses due to resistaice in the diodes must be

minimized in both the AND and OR gates (2, p. 93=113).
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This can be done by making the pull-up resistors very much
larger than the dynamlc resistance of the diodes., In the
case of the OR gate this can be easily dong ;s a high
negative voltage is already available, An OR gate resistor
of 1,70 X was chosen allowing an OR gate current of about
1.0 milliampere. Because of the total input impedance of
the signal input on the AND gate (due both to the diode
and the signal source impedance) a pulleup resistor of
about 270 K 1s necessary. Thlis means that a positive
supply voltage of about 350 volts is necessary for the
AND gate.

THE TRUE REFERENCE VOLTAGE

At long last the exact reference voltage can be
ascertained, It is the sum of the d-c¢ voltage drops
across DB’ DZa’ DZb’ Dac’ and the emitter junction of
transistor Th' This amounts to the difference of the d-¢
'potontiala at each of the OR gate inputs with no signal
applied to the eircuilt, e

This reference voltage should be set at a fixed level
in each of the individual coding units by adjusting the

current flow through diodes Dpg» DZb’ and Dp,e The

switehing point should then be adjusted to occur when the
input signal, Vy,, ralses the lower input to the OR gate
to the same potential at which the upper input to the OR

gate was before the input signal was applied. In other
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words, when the input signal has reacied the value, V,,

the switching action should ocecur,.
THE TIMES-TW0 AMPLIFIER

Finally the output of the OR gate must be applled to
the input of a times-two amplifier having a very high input
impedance (to minimize any loading effect). A very large
amount of feedback is incorporated in this amplifier for
the two reasons of maintaining a gain of 2 ¥ 0,054 and
minimizing d-¢ drift on the output. To accomplish this
without running into serious phase shift (and oscillation)
problems two stages of amplification are necessary. In
order to maintain the desired d-c¢ levels on the input and
output, one p-n-p and one n-p-n stage must be used,.

Feedback from the collector of the second stage would
have to be to the emitter of the first stage as negative
feedback is desired, Therefore, unbypassed resistance must
be present in the emitter circult of the first stage. This
unbypassed resistance increases the input impedance of this
stage to a very high value, making an emitter follower
isolation stage hetween the output of the OR gate and the
input of the amplifier unnecessary. Of course, direct
coupling must be.usod throughout to maintain the low
frequency response.

With these restiictions the amplifier c¢ircult shown

in Figure 15 was evolved. During the development process
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it was decided to ineclude the input emltter follower of
the next coding stage in the feedback loop. This, along
with some equations showing the effect of feedback, is
also ineluded in Figure 15. These equations demonstrate
how much open loop gain variation can be tolerated.

Because of the high gain and the large amount of
feedback around the amplifier, high frequency compensation
as provided by C, was found to be necessary. This so cur-
tailed the nilgh freyuency feedback of tae cirecult that the
high frequency galn of the amplifier was found to be con-
siderably greater than two. C; remedied this situation
very well, The values of C; and Cy were deteruined experi-
mentally because of the diffieulty of accurately determining
the phase-galn relationships of the transistors and accu-
rately calculating the needed compensation.

A diode connected between the base at the first
transistor in the times-two amplifier and ground prevents

large amplitude negative spikes from saturating thls stage.
THE COMPLETE CODING CIRCUIT

FPigure 16 shows the complete coding circult along
with all component values. Without using close=-tolerance
components better than 20%, this circuit achieves a high
degree of accuracy. The signal path is through low loss
AND and/or OR gates and through a stabilized amplifier.
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Fig. 16, The Complete Circuit Showing Component Values

R1 - 470K R8 - 1.0K Pot R18 - 22K

R2 .- 500K Pot R10, R16 - 620 ohm K19 - 6.2K

R3 - 240K R11, R15 -~ 2.0K Pot "R20 - )1.OK

R¢ - 3.3K R12 - 4,7K Cl - 0.002 uf, 50 volt
RS - 270K R13 - 10K c2 - 0.006 uf, 50 volt
R6 - 12K R14 - 50 ohm Pot ¢c3 - 2560 pf, 50 volt
R7, R9 - 1.2k R1l7 - 5.6K = C4 - 0.1 uf, 50 volt

R99 - 3.3K (used for test purposes only)

Dy, Dy, Dg, Dg - WE400D Germanium Diodes
Dog, Dop, Dog, Dz, Dy, Dg - Silicon Diodes
Ty, T3, T4, Ty - 2N169A NPN Transistors
To, Tg, Te - 2N544 PNP Transistors
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All active elements through which the input signal travels
are stabilized via feedback.

W#ithin reason, component selection i1s not necessary.
This is because of the ability to adjust to some extent the
value of V, and the level at which the switch action takes
place.

The $350 volt and =500 wvolt supplles can vary over a
range greater taan 120% of their nominal value. Other
supply voltages should be regulated but some variation in
unison is permissible (such =23 would result from line
voltage variations).

Resistor R99 is used for test purposes only. Actually

the next coding unit would be cascaded in place of R99.
THE TWO ALTHRNATE SIGNAL PATHS

Figure 17 shows the signal path through the coding
device when Vi, is less than V,,, The signal actually
passes through one diode in the AID gate and one dlode
in the OR gate, both of which are very low loss gates,
and through an amplifier and emitter follower which are
enclosed inside of a feedback loop. Therefore it can be
sald that a high degree of accuracy has been achieved in
this signal loope.

The signal path when Vi, is greater than V, is
shown in Figure 18, For this situation the path through
the AND gate has been turned off by the switch clrcult
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so the only signal path left is through the reference
diode string, through the emlitter follower (T)) and the
OR gate, and finally the amplifier ecircult., The switch
eircuit input transistor 1s now cut off so it presents
a very high impedance to the ecircult and causes no loading

effect on this signal path.
CORRELATION OF ACTUAL WITH EXPECTED WAVEFORMS

The complete coding circuit is shown agaln in Flgure
19 along with eight test points. The following wavelora
plctures will refer to this diagram. In Figures 20
through 23, the ground reference is 1 centimeter below
midscale, The same trigger point is used for Flgures
20, 21, 22, 23 (upper), and 27. For Figures 20 through
27, the abbreviations "V.3," and "H.S," stand for "vertical
scale" and "horizontal scale" respectively.

Figure 20 (uppsr) shows the type of input signal used.
A sawtooth wave was chosen because ol the ease of observing
linearity deviations and tae ease of making relative time
measurements., The fall of the sawtooth wave furnishes an
excellent trigger source making proper phase relationsaips
between observed signals easy to maintain.

Figure 20 (lower) shows the d-c¢ displacement across
the reference diode string. The value of this d-c dis-
placement 1s about 2 volts and can be varled approximately

pluse-or-minus 0.2 volts about thls center point. This d-c¢
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Fig. 26.
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displacement is not the total reference voltage as it does
not include the voltage drops across the AID gate dlode
D3 and the emitter follower Th' No wvisible attengation of
Vin after it has passed through the reference diode string
is observable, This observation was made after adjusting
the gain of each input to the oscilloscope to as nearly
the same value as posgsible using a very fine line trace
(low intensity and proper focus),

Figure 21 (upper) sﬁows the input to the switenlng
circult (sawtooth) and the output of the ecircult, Note
that the input to the switeh is Vy,~V,. This result can
be compared with Figure 1l in which the function dr the
switeh is shown gravhically,

Figure 21 (lower) shows how the output of the switch
along with the AND gate is used to gate the 1lnput signal.
This picture shows exactly the same result as specified by
Figure 12,

Pigure 22 (upper) along with iigure 21 (lower) are the
two actual inputs to the OR gate., Thelr relative instan-
taneous levels are quite important as it is the more

positive of the two inputs which will appear at the output
as Figure 22 (lower) illustrates. The function of the OR
gate as set forth in Figure 13 1s verifled by the waveforms

shown in Flgure 22.
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Figure 23 (upper) shows the output of the amplifier.
The amplitude of this output is the same as the amplitude
of the input since the input was équal to 2V,., Figure 23
(lower) shows the output versus the input., Other than for
frequency limitations, this picture siiould look the same
for any type of input (sinusoidal, triangular, ete.). The
actual results shown in Figure 23 (lower) compare quite

favorably with the desired results depicted by Figure l.
TRANSIENT RESPOHSE WAVEFOQORUS

Figure 2l (upper) compares the input to the coder
cireuit with the input to the times-two amplifier. Any
delay between these signals would be caused primarily by
capgcitive loading of the AND and OR gates., Shunt capac~
ities in these gate circuits can be minimlized by using
pull-up resistors having an exceptionally small shunt
reactance and by properly laying out t: elrcult wiring
and components.

The delay of tie entire coder unit is shown by Figure
2l (lower). This compares the input to the coder with the
output of the amplifier, It is diffieult to proverly
interpret this comparison because by looking at the pice
ture one would think that there was a "negative"” delay.
This of course 18 not the actual case, The true delay
could be found by decreasing the amplitude of the amplifier

output by a factor of two before superimposing the signals
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to make the comparison, If this were done, a delay time
of approximately O.lL usee. would be observed,

Figure 25 (upper) compares the input and output of
the amplifier. The maximum delay observable here 1s also
about 0.lp usec. which seems to indicate that most of the
delay in the entire coder occurs in the times-two amplifier.

Figure 25 (lower) shows the turn~off time of the AND
gate, This, of course, 1s a function of how fast the
swite 1ing circult turns off. This turn-oif time 1s about
0.3 usec. This 1s not a limiting feature of the ecircult,
although, if it were, faster diodes would probably help
to decrease it.

The response of the switching circult is shown in
Figure 26, The upper picture shows the risetime of the
circult to be about 0.5 usec, The falltime as shown by
the lower pilcture is about 0.5 usee. also. The speed-up
capacitor on the input to the switch helps to attain these
relatively fast rise and fall times.

Due to pure delay time the maximum repetition rate of
the swltch is about 250 ke. This delay time through the
switching eircuit definitely limits the speed of ths coding
device because 1t allows the Ilnput to get too large before
subtracting V, from 1t or too small before ceasing to sub-

tract V,, The result can be likened to a hysteresis effect,
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INPUTS LESS THAN FULL RANGE

Figure 27 (upper) shows the output of the coder (top
trace) when the input (bottom trace) is approximately 3/k
of full range (2V,), Figure 27 (lower) shows the output
of the coder wien vin is slightly greater than Vr or half
of full range, These pilctures are included to help clarify
the operation of the coding unit, If the input were less
than V,, all that the coding unlt would do is %o amplify
the input two times and indicate a binary zero (the switeh

output would be 412 volts),
THE TEST SETUP

FPigure 28 shows the test setup including the high
voltage power supplies used, The test Jig upon which the
coding unit was built is sitting in front of these power
supplies. A eclose-up of this jig is shown in Figure 29.
In this-day and age miniaturization seems to be the byword.
With this in mind the ecoding unit prototype was laid out
on throé 1 3/8" by 1 7/8" boards. These three boards
contain one entire codlng unit exclusive of the adjustment
potentiometers, The rest of the parapiernalia 1s present
for the purpose of.aimplifying testinge The switch bank
on the left hand side of the test jlg turns off and on all
gix power sources simultaneously. The threa boards (from

left to right) contain the input emitter follower end logic



i

ngle Coding Unit

32




33
circults, the switehing circuit, and the amplifier e¢ircuit
in that respective order., The simulated next stage emitter

follower is outhoarded on the extreme right side of the test

Jlg.
AN ADDITIONAL CODING SPEED LI#ITATION

After constructing and testing a coding unit, an
additional « not so ohvious - speed limitation became
apparent, Iigure 30 will help %o explain this., Assume an
input to the first coding stage of a positive halfl of a
sine wave, the amplitude of which 1s equal to 2V,. When
the amplitude of this input excseds Vr, Vr is subtracted
from it. This results in two nearly triangular shaped
wave segments each of which nas a fundamental Iirequency
component that is six tlues greater than the input funda-
mental fregquency, In eac: successive coding unit this tri-
angular wave 18 approximately cut in half and then amplifled
two times., After passing through ten coding units, the
width of the first and last triangular wave segments would
be equal to the arcsin of 1/1024 or about 3.3 minutes.

Therefore the fundamental frequency component of one
of these seguments would be (1£0)(60) = 3.3 or about 3273
times the fundamental frequency of the input signal, But
to reproduce this trianéular wave as accurately as ls

necessary would require the reproduction of at least the
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tenth harmonic. Therefore, the frequency response of the
last coding unit in a string of ten such units would have
to be about 33,000 times higher than the highest frequency

component present in the input.

The situation isn't really quite as bad as this figure
of 33,000 indicates because in general the Input signal
will not be varying so rapidly that all of the coding units
will be changing state in succession.

Obviously the accuracy of the coding units can de-
crease from a value of 1 part in 1024 for the first unit
to 1 part in 2 for the last unit in a string of ten units.

A parallel can be drawn between the gain-band width
product associated with normal amplifier circuits and a
conversion rate-accuracy product associated with these
coding units. It is easlly seen that the conversion rate
mast approximately double for each successive stage while
the accuracy of each successive stage can be half that of

the preceding stage.
POSSIBLE IMPROVEMENTS

As the coding circuit now stands it consists of three
ma jor segments---the logile circuits, the switehing eircuit,
and the times~two amplifier circuit. Each of these blocks
can stand considerable improvement which will result in a

higher speed encoder.
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The amplifier circuilt could be made to operate at high
frequencies by using higher frequency transistors and com-
pensation networks commensurate with these higher frequency
transistors. Improvements in temperature characteristics
would also be desirable.

The switeching circuit as it is has practically no tem=-
perature stabilization. Also, there is a consilderable pure
delay time assoclated with 1ts operation which limits its
maximum repetition rate to about 250 ke. The rise and fall
times of the switeh output do not presently have any effect
on the speed of operation of the coding unit but if the cir-
cuit is otherwise speeded up then these response times would
become important. Higher frequeney transistors would im~
prove the operation of this circuit as well as the amplifier
circuit.

Finally, there 1s the problem of speeding up the logie
circuits. In order to make the logic circuits very effi-
cient, large AND and OR gate resistors must be used; this
limits the gate operating speeds because of the sizeable
effeect of shunt capacity. It seems that the only way to
speed up the loglec circuits is to make them "lossy" in a
way that would cancel the loss effects. Maybe this is
possible. Following are some transfer functions defined
as shown:

Kgq = AND gate transfer function

Ky = reference string transfer function
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=
i

o OR gate transfer function

i

Kgr = emitter follower transfer function
In addition, there are the following voltage level changes

to be defined as shown:

m<
1]

voltage rise across the AND gate
Vp = voltage drop across the reference string
Vo = voltage drop across the OR gate
Vegr = voltage drop across the emitter follower
The folloying equations can now be written relating the
input voltage to the output voltage (see Figure 14):
(for Vin less than Vp)
(Vin Xa Ko + Vg Ko = Vo) A = Vgout and
(for Vi, greater than Vi)

(Vin Ep Kep Ko = Vp Kef Ko = Vor Ko = Vo) & = Vg
Subtracting the last of these equations from the first
vields the true reference voltage:

Vin (Kg Ko = Kp Kef Ko) + Vg Ko + Vp Kgp Ko + Ve Ko

—
=

Tactual

Vin (Kg = Kp Kef) + Vg + Vp Kop + Vop = Vp_ .. /¥,

Therefore, making (Kg - Kp Kgp) equal to zero makes

Vractual independent of Vin and constant. Losses incur-

red by Vi, passing through the logic circuits can be made
up by increasing the gain of the so-called times-two
amplifier so that
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(Agotual) (K Ko) = (Agopual) (Kp Kef Ko) = 2
(Kg = Kp Kgp) could be made to equal zero by adding re-
sistance in series with the signal input diode on the ANVD
gate.

The accuracy problem of the logic circuits has now
changed from one of making the dynamic resistance of the
diodes negligible to one of making the change of this
dynamic resistance negligible. This means that smaller
resistors can be used which will increase circuit speed
by a factor of ten while at the same time making possible
a reduction of the OR and AND gate supply voltages by an

order of magnitude.
CONCLUSION

The feasibility of this coding e¢ircuit has been
illustrated both in theory and actuality. Through proper
circult design it seems entirely within the realm of
possibility to achieve suffiecient accuracies to warrant
ten binary place conversion.

While the maximum conversion rate of the coding cir-
cult tested was not exceptionally high, many improvements
could be made which would inerease the maximum conversion
rate such as using higher frequency transistors and diodes
with a lower forward dynamic resistance (which would allow
use of smaller pull-up resistors resulting in an increase

of the AND and OR gate operating speeds). Also, it is
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possible that "lossy" AND and OR gates and a "lossy" ref-
erence string could be used in which the loss effects were
cancelled out. The advantage of using "lossy" circuits is
that resistors could be smaller which would minimize the
speed~-reducing effect of shunt capacity.

The repetition rate of the input signal was about 10
ke; the output signal had a fundamental component of about
20 k¢ and important harmonies up to about 200 ke all of
which were fairly well reproduced.

Observations made with a Tektronix 531 oscilloscope
indicated visually that the accuracy of the coding device
exceeded the accuracy of any availlable instruments (about
1%4). Accuracy comparisons were made by superimposing two
signals simultaneously (by using a two-chnnnel,dnlternate-
sweep preamplifier with the Tektronix oscilloscope) and
comparing their amplitudes or slopes as appropriate. Low
intensities and optimum focus and astigmatism adjustments
were used for making these comparisons.

One of the main advantages of the circult is that

inexpensive, non-precision components are used throughout.
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APPENDIX
THE TEST-SIGNAL GENERATOR

Following is a circuit of the test-signal generator
used for examining the operation of the coder circuit.
The sawtooth output of this circuit is quite linear as a
result of using the emitter-follower feedback circuit.
There is no frequency ad justment provided although varying
the amplitude of the signal (by adjusting the interbase
voltage of the unijunction transistor) causes the output
repetition rate to vary. At a repetition rate of approx-
imately 10 kc, the sawtooth falltime is about 4% of the
risetime, The output reference was positive about 1.5
volts with respect to ground; the 1.5 volt battery in
the output circult remedied this situation.
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