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CHAPTER 1 

INTRODUCTION 

Due to the rapid advances being made in, and the high accuracy of 

digital systems, use of digital processing and control systems is rapidly in

creasing. Since most sensors and transducers ·are analog devices, it is 

necessary to have a means of converting analog signals into digital words. 

I 

This exigency is fulfilled by systems known as analog to digital converters. 

The majority of A/D converters can be broadly classified into two 

categories. They are: 

(1) Those in which the analog input is sampled, and an approximation 

to this sample is generated by the converter. This internally-generated 

approximation is compared to the input and a more accurate approxima

tion is made. This process continues until the approxirnation is equal 

to the input, within the accuracy limits of the converter. For many 

converters in this category the approximation is made using a digital 

switching system to control the amplitude of the internal analog compari

son voltage, so that a digital to analog converter forms an essential 

part of the system. A comparator and feedback loop are also essential. 

The basic system is shown in Figure 1.1. If high accuracy or multi

plexed inputs are required with this type of converter, sample and 

hold circuits are required. 

1 
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A/D converter with a D/A converter in the feedback loop. 
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(2) Those in which the analog input is operated on, in some controlled 

manner, and various comparisons made until the analog input has been 

analysed into a digital word, within the accuracy limits of the system. 

Sampling of the analog input voltage may also feature in converters 

within this category. 

Chapter two of the thesis contains a review of the following types of 

A/D converters, which fit into the first category:· 

(1) 	 Successive approximation 


/

(2) Simultaneous 

(3) Counter 

(4) Single ramp 

and a reviEw1 of: 

(1) Dual ramp 

(2) Triple ramp 

(3) Voltage to frequency 

(4) Cascade 

types of converter which belong to the second category. 

This review consists of only a brief outline of the above converters 

because an exhaustive review would be an exceedingly large undertaking. Also 

included in this review is an introduction to the concept of the single-stage cas

cade (SSC) converter. Chapter two is concluded with a critical comparison of 

the various methods of conversion, and the place of the SSC converter in relation 
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to them is established. 

In Chapter three the SSC converter devised by the author is introduced 

and its principles, speed and accuracy are discussed. It is shown that the 

sample and hold operation is inherent in the system and hence a separate (and 

often costly) circuit does not have to be added in order to achieve a small aper

ture time. The converter is also shown to consist of a relatively small number 

of components, only two of which require tight tolerances, and to have a high 

input impedance. A further advantage of the converter is that it is highly suited 

I 

to large scale integration fabrication. 

An investigation of the SSC converter was commenced using Digital 

Equipment Corporation discrete-component modules. The results obtained are 

given in Chapter four. They indicated that the SSC converter has promising 

possibilities. As a result of this a more advanced form of the converter was 

designed, constructed and evaluated, using integrated circuits, and field-

effect transistor switches, as described in Chapter five. 
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CHAPTER 2 

REVIEW OF A/D CONVERSION TECHNIQUES 

Analog to digital conversion is realized by a number of different 

techniqueso Some of the currently available techniques are reviewed in 

this chapter. 

. . I . 1.2.3.4.5.
2o 1 Successive Approxunation A D C;:;nverter 

This is the most widely used technique for high accuracy, medium con

version rate converterso This method requires only one step per bit to convert 

any number and a three bit version is shown in Figure 2.1. 

The converter operates by repeatedly dividing the voltage range in halfo 

Thus, the system first tries 100, and the output of the DIA decoder is compared 

against the input analog signalo If the D/A output is the smaller, the M. S. B. 

remains a one A one is now entered in the second M. 8. B. and the output of o 

the D/A decoder is compared against the analog inputo If the D/A output is 

still the smaller, the second M. S. B. remains a one. A one is now entered in 

the third M. S. B. and the D/A decoder output is again compared against the analog 

input. If the D/A output is the larger, the third M. S. B. becomes a zeroo 

One of the major units in this system is the D/A decoder, and this will be 

considered in more detaiL 

5 



6 

... 

ana.!.oganalog 
con1paratorinput 

--::t~..._..._--

--
d/a 

r"'· 

-1=:---....--prograrn - i----
decoder 

L~---i:.----i merQ _________. 

parallel 0 
serial," ' ~1 d igitalref. 

supply word •digital 
word 

100 110 111 110 

vol ts 

_r----J 1 analog input 
---+-T----4-L·------

------- \_ internally 
generated 
approximation 

Figt.tre 2. :t 

Principle of the succesive approximr:tion converter 

http:ana.!.og


7 

2.1.1 Digital to Analog Decoderl. 2 

A D /A decoder is used to convert a digital word of binarily weighted 

information to an analog voltage level. One sch~me is the Weighted-Resistor 

D/A decoder shown in Figure 2. 2, where the size of each resistor is inversely 

pr.oportional to the \'..eighted value of the digital bit it decodes. That the 

analog output voltage represents the digital number can be shown as follows}

where Ra is the resistance connected between Ein and Eout terminals and Rb 

/ 
is the resistance connected between Eout and ground. If we now convert to 

conductances, 

E t = E.OU ln 

where Ga= 1 and Gb = 1 . But the total conductance Ga+ Gb is constanttta l[})""" 

for all decimal numbers. Therefore Eout is proportional to Ga and since Ga 

is in direct proportion to the binary weighted value of each "one"_ in the number 

being converted, E out is an analog representation of the digital input. 

This system has two major disadvantages, the first being that if there is a 

large number of bits in the digital word, very high resistances have to be used 

for the lower order digits. For example, suppose a 12 bit weighted resistor 

D/A decoder, which for accuracy reasons requires a M. S. B. resistor of 20 

Kohms, is considered. The L. S. B. resistor must then be 211 x 20 Kohms == 

2, 048 x 20 x 103 ohms= 40. 96 Mohms. A precision resistor of this high 
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resistance value is expensive, and hence undesirable. The second dis

advantage is that it is difficult to obtain resistors with closely matched tem

perature coefficients if their resist~nce values differ greatly. With high accuracy 

systems this is an important consideration. 

A circuit which overcomes these disadvantages is the resistive ladder 

circuit shown in Figure 2. 3(a) which utilizes only two resistor sizes, R and 2R. 1 

The figure shows a three bit converter converting the binary number 100. The 

output resistance of this ladder circui:' i{o, can be obtained as follows, assuming 

it is driven from a low-impedence voltage source. The resistance from node 

3 to ground through R3 and R6 is 

R3R6 = 4RR = R 
R3+R6 4R 

The resistance from node 2 to ground through R2, R3, R5, and R6 is R2 in 

parallel with the series combination of R.5 and R 

R2 (R5 + R) 2R 2R =R 
R~ R5 + R 4R 

The r~sistance from node 1 to ground 

R1(R4 + R) = 2R 2R = RRo= 
4R 

The output voltage can be calculated as follows. The first step is to simplify 

Figure 2. 3 to that shown in Figure 2. 3(b). Figi.Ire 2. 3(b) yields itself to 

another simplification shown in Figure 2. 3(c) and by Thevenins theorem this 

is further reduced to Figure 2. 3(d) and · 

1Eout = 
2 
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Figure 2. 3(d) will be the same for any number of bits if the M. S. B. is a 

one, and all other bits are zeroes. Therefore, increasing the number of bits 

of the D/A converter does not change tJ;ie weighting of ea~h bit. However, the 

resolution of conversion will be reduced as the number of bits is increased. 

Figure 2. 4(a) shows the same converter switched to convert binary number 

010. This circuit is shown simplified in Figure 2. 4(b), and using Thevenins 

theorem a further simplification yields Figure 2.4 (c), which in turn yields 

Figure 2. 4(d) 

Therefore Eout = Ein RL 
tr R+RL 

A similar procedure is followed in Figure 2. 5 for a conversion of the 

binary number 001 and yields 

Eout = Ein RL 

8 R+RL 

The superposition theorem can be used to calculate the analog output for 

any digital input, using the equation 

Eout ~( !.._ D1+~D2+1 D3 + •••••••••+ ~n Dn)Ein RL 
\2 ~ 2 R + R

L 

where the D's represent the state of the digital input of a particular bit. 

The actual magnitude of R is determined by RL, accuracy requirements 

and conversion rate. 

The advantage of this circuit is that all resistors in the ladder can be 

identical. Two may be connected in series to give 2R. Also their 

temperature coefficients are easily matched. 
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Fig. 2.5 

Conversion of Binary Number 001 
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For simplicity, the switches shown in this section have been shown as 

mechanical contacts. In practise, due to required switching speeds, reliability, 

operating power and size, the switching is usually carried out by electronic 

components .. 

2.1. 2 Operation of a Successive Approximation A/D Converter 

A Successive Approximation A/D Converter is now considered in more 

" detail as shown in Figure 2. 6. This s:. iGm is most easily understoo::l by taking 

an example. Assume the analog input is 4 volts and that the maximum possible 

input is 10 volts. Initially the flip-flops, FFl to 4, are set to the "zero" state 

by the reset pulse, and a "one" appears at output 1 of the ring counter. This 

"one" triggers flip flop FFl to the "one" state and the digital number 1000 is 

converted to an analog signal by the D/A decoder. The comparator now has an 

analog input of 4V and a 5V input from the D/A decoder, this causing the com

parator to switch to the "one" state. The next clock pulse occurs and advances 

the ring counter, which switches FF 2 to the "one" state and switches FFl back to 

the "zero" state via gate 1. The D/A decoder now supplies 2. 5 volts to the com

parator, that is, less than the 4 volt analog input so the comparator output 

switches to the "zero" state. The ring counter output now advances one pulse 

and switches FF3 into the "one" state but it does not switch FF 2 back to the 

"zero" state because gate 2 is open. The D/A decoder output now corresponds 

to 0110 and hence supplies 3. 75 volts to the comparator. The comparator there

fore stays in the zero state. The ring pulse advances and switches FF4 to the 
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-- _....._ ~-
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,~ 
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Figure 2. 6 Jo-I 
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"one" state leaving FF3 in the "one''state. The D/A decoder output now 

corresponds to 0111, that is 4. 37 5 volts are applied to the comparator input 

~he comparator switches to the "one" state opening gate 4, and FF4 is 

switched back to the "zero" state. Th>e digital output is now available in a 

parallel form and is 0110. A timing diagram illustrating this example is 

shown in Figure 2. 7. 

2.1. 3 Aperture Time 

Usually the analog signal tp be digitized is a time varying signal, and 

hence it is necessary to know when the signal had the value given by the output. 

The uncertainty in this time is defined as the aperture time. If a sinusoidal 

input is assumed, the maximum possible error due to the aperture time occurs 

when dE is a maximum, that i& at the zero crossover point, and can be calculated 
dt 

as follows: 

E = EP sinwt 

· dE = EP wcoswt = E 2ITf cos wtdt 	 p 

At crossover 	 dE = E 2Ir f 
dt p 

where d t is the aperture time. Therefore, the uncertainty error voltage 

dE = Ep 2Tt f d t 

is directly proportional to the aperture time. 

In the successive approximation converter the aperture time is equal to 

the total word conversion time. The aperture time can however, be reduced by 

using a sample and hold circuit at the converter input. The uncertainty error is 
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then reduced by the ratio of the A/D conversion time to the sampling time of the 

sample and hold circuit. 

2.1. 4 	 Sample and Hold Circuit6 

A typical Sample and Hold Circuit using an operational amplifier is shown 

in simplified form in Figure 2. 8. When the FET is on, the circuit operates in 

the sample mode as a unity gain inverter, and has an acquisition time ta depend

ent on the time constant of RC:

ta = RC In ( 100 
%accuracy 

The acquisition time is the time required for the voltage across the capacitor to 

rise to within a specified fraction of the input voltage. When the FET is off, the 

circuit is in the hold mode, and the voltage that was across C at the instant of 

switching is retained. The discharge time depends mainly on the leakage of C 

and also the off resistance of the FET and the amplifier input current. With 

R = lKohm and C = lOOpF the circuit settles to O. 05% in approximately 0. Sµsec 

if the·on resistance of the FET is negligible compared with lKohm. 

. 1 . I I. 2. 3 2. 2 	 S1mu taneous A D Converter 

The simultaneous method requires one comparator for every digital 

quantization level, and is illustrated in Figure 2. 9. 

Each comparator has a reference input and the analog signal input. The 

outputs from the comparators drive logic circuits which provide the digital read

out. A two bit converter is shown in detail in Figure 2.10. The comparators are 
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digital 
output 

logic 
circuits, 

I 

Figo 2. 9 

Block Diagram of Simultaneous A/D Converter 
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in the 11 onen state if the ana1og input is greater than the reference input. Thoro

fore, if all three comparators are in tho "one" state, the input is between 3E and 
4 

E. If c is in the none! 1 state and C 2 and C '> :.:a.re in tlrn :1':wro" state, the signal is1 <-) 

betwce:a E and ~;,. Th~s is the fastest type of A/D coTI"vD-rter since only one step 
4 2 

is required to comp}ete the eonversion; hovrnver, for systems requiring a large 

number of bits~ thi.8 system requires a prohibitive numher of comparators, 

.reference voltages, and associated logic blocks. This rapid ·expan~ion is illus

trated by Fi5'llro 2.11 which shows how many additional .ale ments are needed to 

increase to three bits. An ci.ght bit conversion would -require; 2n - 1=1023 

comparators, reference voltages; and 2n - 2 == 1022 t\vo input "and" gates and 

inverters. 

A/D converters that are a combination of the sim1:.ltaneous and successive 

approximation types are also availabl'e. Jk steps are required to complete a 

conversion, where n is the total number of bits and N is the number of bits con

verted per step. 

2. 3 Co:..mter Type A/D Com:.grterl. 2• 3 

The counter type A/D converter also uses a D/A d~coder in a feedback 

loop, and is shmvn in Figure 2.12. The counter advances the D/A decoder output 

by one step for every clock pulse it nceives, resulting in the staircase waveform 

shown in Figure 2.13. Who~ the D/A decoder output exceeds the analog input the 

comparator output drops to tho zero level and opens the gate; the digital output is 

then available in a parallel form. 
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A more detailed diagram is shown in Figure 2.14 and the timing diagram 

related to it is shown in Figure 2.15. A reset pulse is used to reset all flip-flops 

to the zero state. The counter then counts until the D/A decoder output exceeds 

the analog input. The digital output is then 1010, as shown in Figure 2.15. 

This type of A/D converter is one of the least complex, and is suitable for 

multiplexed inputs, but it is relatively slow, since for an analog input that is the 

systems maximum, the conversion requires (2~ - l) process steps, where n is 

the number of bits. 

' 32.4 Co!ltinuous Coi.mter A/D ~onverter 2 • 

The continuous counter A/D converter is a modified form of the counter 

A/D c~mverter; the simple counter is replaced with an up-<lown counter as shown 

in Figure 2.16. Thia counter then counts up or down depending on the direction 

of the change in magnitude of the analog input. If the input signal does not change 

by more than + 1 LSB between conversion steps, the digital equivalent of the 

input voltage can be sampled at any time. 

For this criteria to hold the maximum rate of change of the input voltage 

must not exceed the maximum rate of change of the converter. From this state

ment an expression for the maximum allowable input frequency can be derived 

as follows 3 

Maximum 	rate of change of converter = ERef (1) 

2nt6T 

Where Eref is the full scale reference voltage, n is the number of bits and ~T 

is the time par step. 
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As shown in section 2.1. 3 the maximum rate of change of the sine wave is 

21YE f= flE f (2)p p-p 

where EP is the peak value of the input· signal, Ep-p is the peak to peak value 

and f is the frequency of the input signal. Combining equations 1 and 2 gives 

ffE f = Ep-p max ref 

2~T 
where fmax is the maximum allowable input frequency. 

therefore f = . c··- (3) 
max :-:'~ 1r 

This means an eight bit converter with a clock frequency of lMHz has a 

maximum allowable input frequency of 1. 25kHz. 

If the condition of equation 3 is not satiSl ed the converter can require 

up to 2n steps to catch up. As a result of this, this type of converter is not 

very suitable for multiplexed inputs. 

2. 5 Ramp Type A/D Converterl. 2. 3. 7 

'.fhe object of the ramp technique is to measure the length of time it 

takes for a linear ramp to change from a zero level to the input voltage. A 

system capable of this is shown in Figure 2.17. A conversion commences when 

the control logic opens switch S, which causes the current source I to start 

charging C in a linear manner, and closes the gate, which causes clock pulses 

to reach the counter. When the capacitor has charged to E in the comparator 

changes state and the control logic opens the gate, stopping the count. 

Since the count stored is proportional to the width of the pulse supplied 

to E in, the count stored is a measure of the ampli~de of the analog input E in. 
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A more detailed ramp converter is shown in Figure 2.182 and its timing 

diagram in Fi@J.re 2.190 The reset signal: 

(1) Prevents clock pulses passing through gate Gl to the counter 

(11) Resets the counters to zero, and 

(111) Resets flipflop FFl 

The output of FFl turns transistor Q2 on. When the reset line returns to the "one" 

condition, FFl is set via gate G2, turning Q2 off which causes the capacitor to 

start charging, its current being supplied by constant current source Q2. Gate 

Gl is enabled and clock pulses enter the counter. 
/ 

Since the comparator is in the "one" state, gates G3 to Gn+2 are disabledo 

When the ramp voltage across capacitor C reaches E. the comparator switches 
lil, 

to the "zero" state, disabled gate Gl and· enables gates G3 to Gn+2. The outputs 

of gates G3 to Gn+2 give the counters accumulated count, which is a digital 

measure of the analog input voltage E. 
m. 

This system has the advantage of simplicity, but it is relatively slow, re

quiring one pulse for every quantizing level; that is, a seven bit converter would 

require 127 pulses before reaching a full scale count. The accuracy of the system 

is mainly dependent on: 

(1) Errors in the capacitor value 

(11) Errors in the constant current source, and 

(111) Errors in the comparator 

Accuracies of better than a few tenths of a per cent are difficult to achieve. This 

system is also very susceptible to noise, because a noise signal on E in would cause 

it to drop below the ramp voltage and as a result trigger the comparator. 
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2. 6 Dual Ramp or Double Integration A/D Converter!. 2 · 8 · 9 

Some of the inaccuracies of the Ramp converter are overcome in the 

dual ramp converter. In this system,. the analog input is integrated for a 

fixed time interval, the integrator output at the end of this time being pr9

portional to the input signal averaged over the integration time. A reference 

voltage of opposite polarity to the analog input, and with a magnitude at least 

as large as the ~aximum allowable an' 1og input, is then integrated until the 

integrator's output is reduced to zero. The length of time taken by this 

second integration is a measure of the amplitude of the input voltage. 

A block diagram of a dual ramp converter is shown in Figure 2. 20. The 

reset pulse sets all the counter flip flops to zero, and connects switch S to E in· 

Integration commences and the comparator switches to the "one" state. Inte

gration continues until the counter fills with ''ones", at this point the switch is 

switched to -ERef' the counter is reset to zero, and integration of -ERef con

tinues until the comparator changes to the "zero" state, at which point the gate 

is disabled and the counter receives no further pulses. The digital readout then 

represents the analog input voltage Ein· At the end of time t 1, the integrator 

output voltage is 

Vo=-1. t, Eindt = Ein ~1 
RC o RC 

At time t1, the integrator starts to integrate Eref and the voltage drops from V
0 

to zero during the time interval t 2 - t1. 
t2.. 

Hence V0 = .!. Eref dt = Eref (t2 - t1)i 
RC RC 

t. 
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Therefore Eintl = 

RC 

and t2 - = Eint1 t1 

Eref 

Therefore (t2 - t1) is independent of the integrator time constant, and since the 

same clock is used to measure both the i irst and second integration intervals, 

a precision clock is not required. 

This type of converter is still relatively s.imple, and is more accurate 

than the ramp converter. However, a price has been paid for the increased 

accuracy, the price being an ino".reased conversion time. For a full scale con

version of n bits, a total of 2n+l clock pulses are now required. 

Noise error is reduced in this system because the input signal is 

integrated, over a period of time. 

This type of converter is wide]yused in digital voltmeters. 

2. 7 .Triple Ramp A/D Converter10 

The triple ramp A/D converter was designed to have the accuracy of 

the dual ramp converter but be considerably faster. A block diagram of a 14 

bit converter is shown in Figure 2. 21. The magnitude of the reference 

voltage Et on the input to comparator 1 is slightly larger than Ere:/27. 

The converter operates as follows:- at t 0 integration of Ein commences 

and continues until part 1 of the counter has received 27 clock puls~s, the last 

pulse resetting part 1 to zero. The integrator output is then 

( 1 ) 
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7 
where t1 - = }:-- secs (2)t 0 

c 

where fc is the clock frequency. -Eref is now switched to the integrator 

input and integrated. During this second integration period clock pulses are 

again applied to part 1 of the counter. Integration continues until the output 

has been reduced to Et; at this time, t , comparator 1 changes state.
2


The number of counts stored in part 1 of the counter at this time is 


(3) 

The integrator output at time t2 is 

V 0 (t2) = Ein (t1 - t 0 ) - Eref (t2 - t1) (4) 

RC RC 

The voltage -ER is now switched to the integrator input, and inte

2'r 
gration continues until the integrator1s output is reduced to zero, which makes 

comparator 2 change state. Durlng the time interval t 2 to t 3, clock pulses are 

fed into part 2 of the counter. At t 3 , the number of pulses added to the counter 

is 
(5) 

and the integrators output is 

Vo (t3) = Ein (tl - to) - Eref (t2 - t1) - Eref (t3 - t2) (6) 

RC RC 27 RC 

But V 
0 

(t ) = 0
3

Therefore Ein (t1 -t ) = Eref (t -ti)+ Eref (t3 -t2) (7)
0 2 

T 
Combining equations (2), (3), (5) and (7) gives 

Ein = Eref N1 + N2 = Eref N (8) 

214 214 
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where 	N is the count displayed at the end of time t 3. 

Since 27 pulses have to be counted in each of the three integrations for 

a full scale signal, the maximum conversion time is {3 x 27)/fc as opposed to 

215/fc for the dual ramp converter, i.e. this system is 85 times faster. 

2. 8 	 Voltage to Frequency ND Conversion 2• 7 

The simplified diagram of a volh~,:::e to frequency converter is shown in 

Figure 2. 22and related timing waveforrns in Figure 2. 23. 

The output of the integrator is a negative going ramp, the slope of which 

is governed by the amplitude of E in. Th·o ramp continues until it exceeds -Eref 

at which point the comparator changes state. This change of state: 

(1) Enables gate G 2 

(11) Triggers the pulse generator 

(111) Starts the timer. 

The timer enables gate G1, th:...,.refore pulses from the clock can pass through 

gates G1 and G 2 to the counter. The pulse generator supplies negative going 

pulses of closely controlled width and amplitude to· the integrator's input. These 

pulses are used to discharge the capacitor and return the integrator input to zero. 

The system then repeats this procedure for a length of time determined by the 

timer. When the timer returns to the "zero" state gate G1 is .disabled, and 

clock pulses are prevented from reaching the counter. The number of counts 

displayed is therefore proportional to the amplitude of the analog input voltage. 

Since this type of conversion is based on integration, and if the puls.ss are 
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counted for a suitable length of time, this method has a very high noise 

rejection characteristic o 

For a full scale reading, 2n pulses must enter the counter, the speed of 

the converter is therefore determined by the time required to generate 2n 

pulses. 

The accuracy of the system is determined by! 

(1) The accuracy and stability cC/he comparator C 

(11) The frequency of the clock 


(Ul) The zero offset voltages at the integrator input. 


2. 9 Cascade A/D Converter 1.11 

In the cascade converter, the input is first compared with a reference 

voltage equal to one half the full scale voltage. If the input is greater than the 

reference voltage, the M. S. B. is a one. Tha reference is then subtracted from 

the input and the result is doubled. If, instead, the input is less than the 

reference, the M. S. B. becomes a zero, and the input is then doubled. The 

N. M. S. B. is found by repeating the same process. To illustrate this process 

an example is considered. Assume a 6 bit cascade converter with a full scale 

analog input of 10 volts, and an analog input of 3. 5 V. Operations will be 

performed as shown in Table 2.1 
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Table 2.1 

Operation of a Cascade Converter 
STAGE INPUT TO COMPARISON RESULTING READOUT 

STAGE PROCESS 

1 3. 5V 0(3. 5-0).2= 7V3.5V <5V 

2 7V 7V >5V 1(7-5)2 	= 4V 

4V3 4V < 5V (4-0)2 	= 8V 0 

4 8V 8V >5V (8-5)2 =6V 1 

6V5 6V > 5V (6-5)2 = 2V 1 

6 2V < 5V 0(2-0)2= 4V' 

TABLE 2.1 

The digital output is O10110 which indicates the analog input lies in the 22nd 

quantizing level. Thls level extends from 3. 43750 volts to 3. 59375 volts; hence 

the signal has been quantized correctly. 

One stage of a cascade A/D converter is shown in Figure 2. 24. When a 

clock pulse is supplied., the D type flip flop will take up whichever state the 

comparator is in. The flip-flop output performs two functions: 

. (1) 	 It is part of the digital readout 

(11) It determines whether Eref or 0 will be subtracted from Ein· 

There must be as many identical stages as there are bits in the digital readout. . 

The conversion speed of this type of converter is equal the time taken to 

produce n clock pulses, where n is the required number of bits. Since n 

identical stages are used, the converter does become somewhat complex. 

122.10 	 Single Stage Cascade Converterl. 

The Single Stage Cascade Converter is based on the cascade principle 
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but uses one stage only., The concept of this converter is mentioned by Richards1 

who also comments on the fact that it has not been exploited. 

A block diagram of the converter is shown in Figure 2. 25. 

E111 

digital output 

1 stage of 
cascade 

converter 

delay 

Fig. 2. 25 


SSC Converter 


The switch is in the position shown while the M. S. B. is obtained and in its 

other ·position while the remaining bits are obtained. After the signal has been 

operated on by the single stage of the cascade converter the residue is fed back 

to the input via the delay block. The delay block provides a delay equal to the 

time between the development of successive bits. The residue is then operated 

on by the converter and the process is repeated until tbe required number of 

bits is obtained. The output bits are obtained serially from the single stage of 

cascade converter. The delay block can consist of either a delay line or a 

sample and hold circuit. 
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One converter based on this principle appears in the literature12 and is 

shown in Figure 2. 26. Figure 2. 27 shows the waveforms around the system for 

an input of 7. 7V, when the full scale analog input is 10 volts. The incoming 

sample is fed into the combining network and then to the delay line, the delay 

of which is equal to the time taken to develop successive bits. A tap on the 

delay line enables the sample to be compared to the reference voltage of 5 volts. 

If the sample i.s great~r than this reference, th~ comparator programs the sub:

tractor to subtract 5V. The result of this subtraction is then multiplied by 2 and 

fed back to the combining network. If the sample is lless than 5V, the comparator 

programs the subtractor to pass it unaltered, and the cycle continues until a 

muting pulse is fed to the subtractor interrupting the feedback loop. Table 

2. 2 tabulates the passage of a 7. 7 volt sample through the converter. 

Table 2. 2 

Qn_eration of an SSC Converter 
I!COMPARISON I READOUT 

PROCESS 
RESULTING RESIDUE 

FEDBACK TO 
THE INPUT 

I 15. 4 volts(7. 7-5)2=5.47. 1> 5 I; 

i 1(5. 4-5)2=. 8V . 8 volts5.4) 5 
1 

! 01. 6 volts(. 8-0) 2 =L 6V.8 {5 

3. 2 volts 0(1. 6-0) 2::;:3. 2V1. 6 <5 

03. 2 ( 5 I! 
11 



combiningl 
----::~~1 network Isample 
In 

tapped.J delay 
I Line 

sub
tractor 

digital output 
Eref 

Figure 2. 26 

SSC Converter Using a Delay Line 


i+:>. 
~ 



Sampler output. 

Pulse amplitude 7·7v. · 


---. 
' ' Pulses at the I 

I ' I I 

' '---v- ---comparator input 

7•7 

uPulses at the v----~-----y 

subtractors output 2'7 ~ 

Pulses at the 
comparators output __r---1S1f l I L 
Muting pulse used .,------, ,-~ 

to clear the subtractor : i ·L 

Fig. 2. 27 

.;:...Waveforms of an SSC Converter Using a Delay Line CX) 



49 

Comparison of table 2. 2 with table 2 .1 help s illustrate the similarity between 

the operations of the cascade and single stage cascade converters. The con

version of a digital word of n bits in the single stage cascade converter is 

determined by the time taken to pass n clock pulses. 

2.11 A Critical Comparison of the SSC Co~verter 

Table 2. 3 facilitates a critical comparison of the SSC converter with 

the other converter techniques revie\v '-_, in this chapter. It can be seen from 

the table that the SSC co~verter and the successive approximation converter 

have conversion times of the same order of magnitude. This means that the 

SSC converter would have to compete with the successive approximation 

converter. The SSC converter has the advantage of an inherent sample and 

hold operation and as a result a shorter aperture time., The SSC converter 

is expected to cost appreciably less since it requires fewer components, and 

its only precision compo11ents are two resistors. 

Since the successive approximation converter is the most widely used 

general purpose converter, the future for the SSC converter is very promising 

indeed. 



Table 2.3 


Comparison of Converter Techniques 


Converter Suitable !Max. Con~ersion Time 
Type For l.lfo. of Clock Pulses Aperture Time Relative 

Multiplexing For Cost 
n bits 5 bitsj8 bits 5 bits18 bits 

E_ sec . ._E_ sec. µ sec. E._ sec. 

Successive • Yes n 7. 5 27 7. 5 27 medium 
approximation 

Simultaneous Yes NA JJA NA NA HA depends on 
resolution 

Counter Yes 2n-l 48 765 1. 5 3. 0 low 

Continuous No 1 1. 5 2 1. 5 2 low to 
medium 

Ramp Yes 2n 32 256 1 1 depends on 
resolution 

Dual Ramp Yes 2n+l 
64 512 32 256 me<.lium 

Triple Ramp Yes 3 x 
n 

27 2 9. 6 . 8 3. 2 high 

Voltage to Yes 2n 320 2,560 320 2,560 high 
Frequency 

Cascade Yes n 0. 5 1 .1 .12 high 

SSC Yes n 9. 6 16 3.2 3. 2 low 

Remarks 

general purpose, at present it 
provides a good speed to dollar 
ratio. 

excellent for low resolution 
systems, operates in about 100 
nsecs. 

little auditional cost for in
creased resolution, but conver
sion speeJ is low. 

This is only true if input freq. 
i L0t exceed fr.1ax.as uef ined 

"' 2tion 2.4 equation ( 3) . 
---- ---~ 

low cost for lo-;.; resolc;.tion ~seJ 
in economy di&ital vol tr:~etcrs. 

useu in digital voltmeters, ,sood 
noise rejection properties. 

not on the market yet. 

used in quality uigital·volt
meters, good noise rejection 
properties. 

8 bit maximum at the present tir.1c 
Large system. Grey code. 

high performance to cost rutio. 
Inherent san:ple and holc..l opera
tion. Number of bits c.:in be 
increased at little auditio1i.::1l 
cost. high input impeud1H:e. 

01 
0 
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CHAPTER 3 

SINGLE STAGE CASC~E A/D. CONVERTER 

In this Chapter, the principles and limits of a single stage cascade 

converter, devised by the author are discussed. 

12The SSC converter is based on tho converter in Fed·lda's paper which is 

outlined in Chapter 2 of this thesis. The main weakness of Fedida' s converter is 

the inclusion of an analog delay line, and one of the major considerations in this 

design was to overcome the need for the delay line. The system shown in Figi1re 

3.1 achieves this by alternately charging capacitors C1 and C 2 through field effect 

transistor switches. 

3o 1 Opet'ation of the SSC A/D Converter 

The six bit SSC converter devised by the author is shown in Figure 3. ~a)& (b) 

Eref is the full scale analog input voltage, and all switches are closed by a 

logical "one". When the start button is depressed, the eight stag9 ring counter 

is set to binary state 10000000 and the divide by 2 circuit is set; when the button 

is released the clock starts. The first clock pulse advances the "one" in the 

ring counter to the second stage, and this" one" is used as a synchronizing pulse; 

hence it is labelled So The signal ~ is also a "one", therefore switches 5 and 6 
2 

are closed, switches 1, 2, 3, and 4 ara held open by the 'S signal, and switch 7 is 

held open by the c signal. The operational amplifier is therefore connected as 
2 
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shown in Fig·1re 3o 2o This· is the configuration of a voltage follower with a gain 

of one, the analog input voltage therefore appears across capacitor c • Tha1

.analog input is also applied to the conipa~ator input, the ouiput of which is fed 

to the D input of a D type flip flop. The state of the comparator will be entered 

into the flip flop when the flip flop receives the rising edge of the next clock 

pulseo If E. is less than Eref , the comparator is in the "zero" state and the m -
2 

next clock pulse switches the flip flop into the "zero'' state, and a 'bne" is 

applied to gate 2. This clock pulse will a· so have advanced the ring counter 

so that S is now a "one", S a "zero", and 
c
2 a. "zero". This means that gates 

5 and 6 are opened, and gates 2, 4 and 7 are closed. The operational amplifier 

is now connected as shown in Figure 3. 3 and performs the operation 

E = 2E.
0 In 

If however, the analog input had been greater than Eref , the comparator 
--r 

would have been in the "one" state and the rising edge of the next clock pulse 

would have switched the flip flop to the" one" state. Switches 5 and 6 would again 

open and this time switches 1,4 and 7 would closeo The operational amplifier is 

then conndcted as shown in Figure 3. 4 and per forms the operation 

When the next clock pulse occurs, switches 4 and 7 open and 3 and 6 

close. Switc~es 1 or 2 will be closed depending on the state of the D type flip 

flop. This sequence of operations repeats itself at every clock pulse until the 

last stage in the ring counter switches to the "one" state.• this pulse being used 

to inhibit the clock. The digital output appears in serial form at the output of 
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the D type flip flop. 

To aid in understanding the converters operation, an example is now 

.considered,. assuming: 

(1) An analog input Ein of 7. 7 volts 

(11) That a six bit output is required 

(Ill) That ~ef = 10 volts. 

When the start button has been depressed. and released the ring counter is set 

to binary state 10000000 and switches 5 and 6 are closed; all other switches 

being open. Switching waveforms are shown in Figure 3. 5. Capacitor c1 is 

charged to 7. 7 volts. Since 7. 7 v is greater than 5 volts, the comparator switches 

to the "one" state and the next clock pulse opens switches 5 and 6 and closes 

switc!:ies 1, 4 and 7. Capacitor c2 then charges to 2 x 7. 7 -10 volts= 5. 4 volts. 

Since 5. 4 volts is still greater than 5 volts, the next clock pulse opens switches 

4 and 7 and closed 3 and 6. c1 then discharges through the low output impedance 

of the operational amplifier to 2 x 5. 4 - 10 = 0 .. 8 volts. Since this is less than 5 

volts, the comparator switches to the "zero" state and the next clock pulse opens 

switches 1, 3 and 6 and closes switches 2, 4 and 7. Capacitor c1 then discharges 

to 2 x 0. 8 = 1. 6 volts. Similar action continues. C2 is charged to 3. 2 volts and 

then c1 is charged to 6.4 volts, the next clock pulse causing the ring counter to 

-
inhibit the clock. As can be seen from Rgure 3. 5 the serial output at the Q output 

of the D type flip flop would be 110001, which corresponds to the 49th quantized 

level. 
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Figure 3. 5 

Waveforms of the S.S. C. converter with 7. 7 volts 
analo~; input 
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3. 2 Conversion Rate 

The number of clock pulses required to complete one conversion is equal 

to the required number of bits. To find the maximum conversion rate it is 

therefore necessary to determine the clock frequency, this being determined by 

the time taken to charge capacitors c and c2 of figure 3.1, to within some1 

specified percentage of their ultimate voltage. 

The rise time of the voltage across C1 or C is complex since it is a
2 

~j 

function of the RC time constant, the sle\\· ing rate of the operational amplifier, 

and the output current capability of this amplifier. This is further complicated 

by the fact that the resistive component of the RC time constant is a function 

of the current flowing. This current dependency occurs because the resistive 

component is the "on" resistance of a field effect transistor, and once the 

source to draln current increases beyond the "ohmic" (non-saturated) region of 

the device, the "on" resistance will increase considerably. 

The resistive component should also include the output resistance of the 

operational amplifier, but the closed loop output resistance is exceedingly small 

as shown below and is negligible. 

Load the circuit of figure 3. 6 with an incremental current ~ IL. Since 

R 
0 

+ R 1 ~ Z out the resulting change in current through Z:mt is therefore 

<l. IL and the change in voltage across Z out is 

~ E 0 - 6e0 =~IL Zout (1) 

By definition e 0 = A(e2 - e1) (2) 

but L1e 2 = 0 because the input impedance at the 
non-inverting input is infinite 



Zout is the open loopRo 
output impedance 

Zcl.out is the closed 
loop output impedance R1 

IL-__. 
e~ 

? 

..._zdout 

Eo RL 

Fig. 3. 6 

Circuit Showing the Output Impedance of an Operational Arnpl ifier 
O') 
0 
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Ther.efore from equation (2) (3) 

~e = 0 

The change in output voltage E 0 is returned to the ~nput by the potential divider 

consisting of R0 and H1. 

Therefore ~l =LlE (4)
0 

Combining equations (1) and (3) yields 

(5) 

Substituting equation (4) and (5) 

~En/i+ AR} ) =LJIL Zout (6) 

'"'\ R1 +Ro 
but the closed circuit output impedance 

Zcl out =~o 
Kil: 

Therefore from equation (6) Zcl out = (7) 

l+ ARI 
R1+Ro 

In the circulating converter R 1 = R0 

Therefore Zcl out= Zout 
ITA (8) 

2 
A typical operational amplifier has Zout = 75 ohms and A= 2xl0 5 

Therefore from equation (8) 

= . 75 x 10-3 ohmszcl out= 75 
105 

This value will be negligible compared to the "on" resistance of a FET. 

It was indicated at the beginning of this section that the longer the capacitor 

was allowed to charge up, the more accurate is the system; however the fact 
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that when c is being charged, C is connected to the input of the amplifier and
1 2 

hence is losing charge, must also be considered. It is therefore necessary to 

calculate the closed circuit input impedance of the .operational amplifier, and 

this is achieved as followsl3; with the aid of figure 3o 7. 

f 
E, 

Zcl.in~ 

Iin 
~ 

t 
e·(. 
I 
•
E2. 

b 

Fig. 3. 7 


Voltage Follower 


When the output voltage changes by AE the differential input voltage ei is 
0 

changed by 

(9) 


The change of differential input voltage 6 ei results in a change in input current 

Zin AZ in 
(10) 


The closed loop input impedance 

Z cl in = - ~E2 (11) 

:ZS tin 
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Substitute equation (10) into (11) 

Zcl in = AZ in 

that is, the closed loop input impedance is equal to the open loop input resistance 

multiplied by the open loop gain. 

Taking typical values Zin = Oo 3Mohm and A = 2 x 105,. this results in 

11 
Z = 0 3 x 10 x 2 = 60 x 103 M ohms.cl in 

Assuming cl is 5, 000 pF this gives a discharge t~me C\lnstant of 5, 000 x 10-12 

9 x 60x 10 = 300 secs. Thus if clock frequencies in the kilohertz region are 

used, there is no appreciable loss of charge. 

~. 2.. 1 Theoretical Der~vation of Capacitor's Charging Waveform 

If the system is designed such that neither the operational amplifier or the 

F E T enter their current saturation regions, an expression for the voltage 

waveform ac.ross capacitors c 1 and C 2 can be derived as follows: 

The RC circuit shown in figure 3. Sa has an input voltage as shown in figure 

3. Sb. The output voltage, that is the voltage across the capacitor is given by: 

(1)v =iR+hfidt 

Multip.y by C 

Cv = i CR+ Jidt 

Differentiate with respect tot 

Cdv = CRdi + i (2) 
dt dt 

The Laplace transform of this equation can be obtained using the expression 
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f 

~ 

(/\/'A 

IVin vIC 
(a) 

Operational Amplifier's Loading Circ~it 

/ 

slope = slew rate = Y.l. a 

t~0 a 

(b) 

Input Waveform 

Fig. 3.8 

Circuit Used to Determine Capacitor's rharging Waveform 
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:::: sF (s) 	 - f(O) 

therefore equation (2) becomes 

CsV(s) = CRs I(s) + I(s) . 

since v and i are zero at t = 0 

Rearranging equation (3) 

I(s) :::: s C V(s) (4) 
1 + CRs 

The Laplace transform of the waveform ~.own in figure 3. Sb is 

(5)V(s) = V1 
a 

Substituting equation (5) into (4) gives 

(l -e-as)I(s) = 	~ c 
as l+CRs 

= Vl c (1 - e -as) 

asCR c!.. + s)/ 
CR 

(6) 

let _l = b 
CR 

then. I(s) = V1 1 - e-as 

Ra s(s+b) (7) 

= V1 
Ra ( 1 

s(s 1-b) 
8-as 

S(\:s+b) ) (8) 

The inverse Laplace transform of the two terms in the brackets must now be 

obtained.. The first term is a standard form, and the second can be transformed 

using the operation 

e-as f(s) = U(t - a) F(t - a) 

where U (t-a) is a unit step function at t =a 
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The inverse transform of equation (8) is 

i(t) = l (l-e-ht) - u(t-a)v1 ( 1 _ e-b(t-a~J[ b bRa 

i.'l-~-b.t) -b(t-a)=-VJ •.; - (1 - e ) U (t-a) (9)
Haf) 

Substitute b ::= 1 
·eu _ (t-a) 

CHi(t) V1c (1-e ) u (t-a) (l~ 

.t 

a 

By inspection of equation (10) it can be seen that i(t)maximum will occur at t=a 
a 

Therefore i(t)max = V1C (1-e- CR) (11) 

a 

The 0utput voltage can be obtained by integrating equation ( 9) and dividing by C, 

giving 
t t t 

(12)V(t) = IC r idt ~ ~!__ 1(1--e-bt)dt - J (1-e-b(t--a) )dtv1 
o CRab o CRab n 

V 1 lt_ b!_ + e -bJ t-a-b!_ + 0 -b(t-a) ]. 
[ 0CRab L o Jt) 0 CRab t). a 

1but b = t-aCR t 
- CR ) (13)Therefore v (t) = V 1 (t - CR + CHe- CR.) V1 (t-a-CR+CRe 

a.- t~o a t)a 

at t =a 
a 

v(a) = V1 (a-CR+CRe-CH) (14) 
a 

Equation (13) describes the output voltage if the operational amplifier is capable 

of passing the current given by equation (ll), whe:i its output voltage is that given 
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by equation (14) and if the F E T is capa ble of passing this maximum current 

without leaving its linear "resistive" region. 

The equations derived in this section will ba utilized in chapter five of this 

thesis .. 

3. 3 Aperture Time 

The term ap·arture time was defined in section 2.1.3, and it was shown 

that the related uncertainty voltage was directly proportional to the aperture 

time This often leads to the use 
; 

of sample and hold circuits of the typeo 

discussed in section 2.1. 4. The SSC converter has an aperture time of only one 

clock pulse and hence a sample and hold feature is inherent in its operation 

3. 4 Inverting Amplifier 

An ideal operational amplifier is characterized by: 

(a:) Infinite voltage gain 

(b) Infinite input resistance 

(c) Zero output resistance 

(d) Infinite bandwidth 

(e) Zero offset 

and its equivalent circuit is shown in figure 3.9a. The characteristics of a real 

operational amplifier differ from these in that the volt~ge gain, input resistance, 

out.put resistance, bandwidth and offset are all finite. An equivalent circuit of a 
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z· = ooIn. 

+ 
Zout = 0

E~ 
Eo A = 00 

Eo = -AE,il--
Eo = 0 

when E.(, = 0 

(a) 

Ideal Operational Amplifier 

A, Zin, and Zout 
+ 

are finite 
E.t, 


Eo 


1 

(b) 

Real Operational Amplifier 


Fig. 3.9 


Operational Amplifier Equivalent Circuits 
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real operational amplifier 'is shown in figure 3. 9.b. 

Consider the amplifier shown in figure 3.10 

E·I i 
Eo 

l i 
Fig. 3.10 

Inverting Amplifier 

Usi.ng a real operational amplifier, the gain is given byl3 

Eo - Zo 
l = <1 + u 

Ei -z-i 

where u = (1 + Zout + Zout ) ( 1 + Zo + zo 

Zo Z1oad zr Zin) 

(I) 

(2) 

_ Zoi.t ) (A 
Zo 

where Z0 ut is the amplifier1s open circuit output impedance. 

This may be expanded as 

Eo -= - Zo 2 3(1-U+U -U +--) 
Ei Z1 

if U ~ 1 this simplifies to 
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Eo = -Zo (1 - U) (3) 

Ei zi 

Typical open loop parameters are, 

A = 200, OOQ ... Z1 = lOKohms 

Zin= . 3Mohm Z
0 

= lOKohms 

Zout = 75 

To evaluate equation 3 the term U must be evaluated. From equation 2 U is 

seen to be a function of Zload, but Zload increases as the load capacita~ce 

charges up. The time at which the gain is required occurs when the capacitor 
! 

is charged to approximately 99. 9%, at which time Zload will be very large and 

Zout { 1 
Z1oad ~ 

therefore this term of equation 3 is negligible. 

Solving for equation (2) 

u = 1. 5 x 10-5 

which justifies the assumption used to obtain equation (3) 

and from equation (3) 

-5(1 - 1. 5 x 10 ) 

= -. 999985 

This me ans the gain of this circuit is within O. 0015% of the idealized value, and 

as a result the accuracy of the gain is entirely dependent on the accuracy and 
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stability of impedances Zr and Z
0 

o 

The finite input offset voltage also introduces an error, but this can be 

balanced out to a fraction of a millivolt using an external nulling potentiometer o 

Drift of this offset voltage also introduces an error; this can be minimized by 

introducing a resistor R 2, as shown in Figure 3. lL 

_ R,R0R2. R,+ Ro 

Fig. 3. 11 

Introduction of a Resistor to Minimize Drift 

' 3o 5 The Voltage Follower 

A simple voltage follower is shown in Figure 3o 12 and is analysed as follows13
• 

By Kirchoff's Mesh Law 

E2 + el = Eo (1) 

but 

where A is the open loop gain of the operatio!lal amplifier 

(2) 
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Substitute equation (2) into ·equation (1) 

= E 0 

As A tends to infinity E 0 approaches zero 

A 
and = (3)E 0 E 2 

In the SSC converter a feedback resistor is present and the voltage follower has 

the configuration shown in figure 3o 130 Ideally there is zero current through R 0 , 

bi1t in reality the operational amplifier's bias cur.rent, Ib, flows through it. 

Kirchoff's Mesh Law now gives 

-E_Q 

A 

therefore - - IbRo = EE 2 E 0 0 

A 
Since E 0 approaches zero as A approaches infinity 

A 

A typical operational amplifier with bipolar junction transistors as_ the input 

devices has a bias current of 80 nanoamps, and if R0 = lOK ohms this re8ults · 

in a . 8mV erroro The bias current is reduced to typically! nanoamp in operational 

amplifiers with F E T input devices, resulting in an error of . 01 millivolts.. For 

a high accuracy system it is therefore necessary to use an operational amplifier 

with FET input devices. 
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Fig. 3. 12 

Voltage Follmver 

Ro 

Fig. 3.13 

Voltage Follovver \Vith a Feedback Besistor 
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CHAPTER 4 


REALIZATION OF AN SSC CONVERTER USING DISCRETE COMPONENTS 


To verify the concept of an SSC A/D converter as described in chapter 3 it 

was decided to build a six bit converter using Digital Equipment Corporation R 

series modules; because the modules ,u ·re available and the system could be 

built rapidly. If verification of the system was· obtained, the converter was to be 

rebuilt in a more compact and up to date form, using integrated circuits and 

FET's. 

4.1 Timing Circuits 

A block diagram of the timing circuit is shown in Figure 4.1, and its 

timing diagram is shown in Figure 4. 2. The ~lo~k is an R401 gateable clock that 

produces 100 nsecond pulses from -3V to ground. Flip flops FFl and FF2 are R201 

modules, these modules are connected as divide by two circuits. The ring counter 

consists of five type R202 dual flip flops. Eight of the flip flops are connected to 

form an eight stage ring counter. The eighth stage is required to produce the clock 

inhibit pulse, I, so the clock can be inhibited and a display of the digital readout 

can be obtained. A block diagram of a ring counter using R.202 flip flops is shown 

in Figure 4. 3. The reset and start block is a manually operated pulser. The pulser 

output is normally a "one" that is -3Volts. When a conversion is required the 
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Block Diagram of the Timing Circuit 
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push button iS depressed and the pulser OUtpUt Changes to a II zero" J that iS, 

0 volts. This signal is used to set FFl and FF 2 and switches the ring counter 

from the 00000001 to the 10000000 state, that is, the inhibit signal is removed 

from tha clock. When the push button is released, the next clock pulse advances 

the state of the ring counter to 01000000 and the conversion commences. 

A wiring diagram of the timing circuit is shown in figure 40 4, the W520 

module is included merely as a supply of -3volts. 

4. 2 Realization of the SSC Converter 

The converter can be realized using Digital Equipment Corporation 

modules arranged as shown in figure 4o 5. The switches 1, 2, 3 and 4 and their 

respective "and" gates are on an Al21 Multiplexer switch module, and switches 

5, 6 and 7 and their respective "and" gates are on another Al21 mod·u.Ie. The 

comparator is an A502 .module. The -Eref .supply is an A70·1 module. Hence 

Eref is--lOV and Eref is obtained from the -Eref supply by a po_tential divider 

2 
of two 3k..Q precision resistors. A D type flip flop is obtained by using an R201 

flip flop module and an RH17 inverter as shown. The operational amplifier is a 

Philbrick type QFT5 , FE T differential input amplifier; its specification is given 

in the append ix 

A wiring diagram of the converter is shown in figur·e 4. 6. 

http:mod�u.Ie


c ~1 t~ 

N R0hiER F CMH-rlER F CM 
s R401 R201a R201b W520

V 

pulser 

p N K 
L~--.J 

N U 
j ! 

.N-0-M M DK 
Si------, 

R202a Ti ... LR202d S LR202e H 
----E T E J 

VP M HVF P F 

St S 

Fig 4.4 

~Wi.ring Diagram. of the Timing Circuit i:o 
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4 .. 3 	 Calibration of the Converter 

The calibration procedure was carried out as follows: 

(1) Eref was adjusted to -lOo 000 volts 

(2) E was ad3·usted to -5o 000 volts.ref 
2 

(3) To obtain an offset null, the lead co-:inected to pin D of the clock 

module was removed (refer to figure 4o 4., The lead connecting pin 

H of module Al21-a to pin L of module R20la figure 4. 6, was discon~ected 

from pin L and connected to OV; the lead connecting pin F of module 
I 	 -

; 

Al21-a to pin J of R 202a was disconnected at pin J and connected to -3volts; 

the lead connecting pin J of module Al2l-a to pin M of module R20l-c was 

disconnected at pin l\f and connected. to -3V. The above procedure connects 

the inverting input of the amplifier to ground through switch 2, figure 4. 5. 

Ein' figure 4. 5 wa.s set to zero volts and the start button pushed, thus 

connecting the noninverting input to zero volts. The external 2. 5K ohm trim 

potentiometer was then adjusted for minimum reading on a digital voltmeter 

monitoring the amplifier's output. The null voltage was reduced to -0. 5mvolt. 

(4) To adjust the ·amplifier for a gain of two in the noninverting mode, E in 

was increased and the variable resistor RV of figure 4. 5 adjusted for a1 

gain of two. Tnputs of greater than -5 volts must not be used or the 

specifications for the multiplexer switches will be exceeded. 
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4.4 Results 

c
Oscilloscope photogranhs of the C, S and I waveforms are reproduced

2 
, 

in figure 4. 7. The leading edge of the first C pulse was used to trigger the 

oscilloscope. These waveforms meet the requirements shown in figure 4. 2. 

An oscilloscope photograph of the operational amplifier's output, with an 

analog input of-4. 000 volts is shown in figure 4. 8a. The following steps are seen 

to have occurred: 

.clock pulse one -4V 

clock pulse two -(4x2-0) = -8V 

clock pulse three -(2x8-10)= -6V 

clock pulse four -(2x6-l0)= -2V 

clock pulse five -(2x2-0) = -4V 

resulting in a digital readout of 01101. 

Some errors in these arithmetic steps are evident, and can be explained, to a 

large degree by the fact that the turn on delay of the multiplexer switches is 150 n 

seconds and the turn off delay is 250 n seconds. This means that for 100 n seconds 

during every switching interval, capacitors C1 and c2 are in parallel wit1. each 

other, and charge will flow from one to the other, introducin~ an error. 

This problem is illustrated in figured 4. Sb and c. Figure 4. 8b shows the 

voltage across c1, and figure 4. 8c shows the voltage across C2, both for an 

analog input voltage of -4. 000 volts. Initially, the voltage across c1 charges to 

-4 volts, and the voltage across c2 is 0 volts. Switching occurs in the following 

sequence:
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Ov-

C pulses -3 V

I I I
·8 1·2 1·6 2·0 msec. 

Ov-

Q pulses -3v
2 

S pulses -3v

Ov-

I pulses 

. i 

Fig. 4. 7 

Timing Waveforms 
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Voltage across 
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-0 
-2 
-4 

-6 
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(b) 

Voltage across 
C2 volts 

' f 

(c) 
Fig. 4. 8 

Waveform for a - 4 volt Analog Tnput 
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(1) Switches 4 and 7 close. Since switches 3 and 6 are already closed 

this connects capacitors C1 and C 2 in parallel with each other 

(11) Capacitor c1 with -4 volts across it loses some .charge to C2 w}iich 

has 0 volts across it. The result is a drop in voltage across c1. 

(111) Switches 3 and 6 open isolating capacitors c1 and c2 from eacl:l other. 

During the next switching interval: 

(1) Switches 3 and 6 close. 

(11) Capacitor C2 with -8 volts across it loses some charge to C1 which 

has -4 volts across it. This results in a voltage drop across C2. 

(111) Switches 4 and 7 open isolating C1 and C 2 from each other. 

During the next switching interval: 

(1) Switches 4 and 7 close. 

(11) Capacitor C1 with -6 volts across it gains some charge from c 2 which 

has -8 volts across it. 

(111) Switches 3 and 6 open and c1 and C 2 are again isolated from eacti other. 

This t"Jpe of action continues at all switching intervals. 

Table 4.1 compares the measured limits of tl-ie quantizing levels to the 

theoretical limits; it can be seen that a maxlmum error of less than one quantiz

ing level occurs. The converter operated up to a conversion sneed of 35 micro

seconds. 

These results were sufficient!v encouraginf4 to induce the author to desig·1 

a more advanced form of the SSC converter using integrated circuits and field 

effect transistors. 
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0 

Converter Quantizing Errors 

Theoretical Quantizing Measured Error 
q.iantizing level quantizing 

levels levels' 
limits' limits 
volts mVvolts 

0 
!,)

0.156 i 0.159 +3 
I 


Oo 313 
 o. 321 
 +8 
2 


0.469 0.469 0 
3 


0 .. 625 
 o. 621 
 -4 
4 


o. 781 
 o~ 771 
 -10 
5 


o.. 938 
 0.947 +9 
6 


I. 094 1. 082 -12 
7 


1. 250 
 1. 234 
 -16 
8 


1.406 I. 384 
 -22 
9 


L563 +31. 566 

10 


1. 719 
 -91. 708 

11 


1. 875 
 L887 +12 
12 


2. 031 2. 011 -20 
13 


2 .. 188 
 2.185 -3 
14 


2.344 -1620328 

15 


2.500 2.492 -8 
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2.656 

2. 813 


2.969 

3.125 

3. 281 


3.438 

3.594 

3. 750 


3.906 

4.063 

4. 219 


4.375 

4. 531 


4.688 

4.844 

5.000 

5.156 

5. 313 


5.469 

5.625 

5. 781 


5.938 

16 


17 


18 


19 


20 


21 


22 


23 


24' 


25 


26 


27 


28 


29 


30 


31 


32 


33 


34 


35 


36 


37 


2.669 


2.825 


2.987 


3.130 


3. 291 


3.459 


3.600 


3.800 


3. 910 


4. 061 


4. 215 


40403 


4. 516 


4.680 

4.820 

5.000 

5.156 

5. 318 


5.482 

5.641 

5.800 

5.960 

+13 

+12 

+18 

+5 

+10 

+21 

+6 

+50 

+4 

-2 

-4 

+28 

-15 

-7 

-24 

0 

0 

+5 

+13 

+16 

+19 

+22 
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6.094 

6.250 

6.406 

6.563 

6. 719 


6.875 

7. 031 

7 .188 


7.344 

7.500 

7.656 

7. 813 


7.969 

8.125 

8. 281 


8.438 

8.594 

8.750 

8.906 

9.063 

9. 219 


9.375 

38 


39 


40 


41 


42 


43 


44 


45 


46/ 


47 


48 


49 


50 


51 


52 


53 


54 


55 


56 


57 


58 


59 


6.139 

6.262 

6.435 

6.573 

6.728 

6.920 

7.035 

7. 200 


7. 331 


7. 561 


7. 681 


7.834 

7.997 

8.160 

8.298 

8.469 

8.633 


' 8. 834 


8.906 


9.064 


9.224 


9.394 


+46 

+12 

+29 

+11 

+9 

+45 

+4 

+12 

-13 

+61 

+25 

+21 

+31 

+35 

+17 

+31 

+39 

+84 

0 

+l 

+5 

+19 
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CHAPTER 5 

A MORE ADVANCED REALIZATION OF THE SSC CONVERTER 

This chapter contains the design, construction details and evaluation of a 

more advanced version of the SSC converter, utilizing integrated circuits and 

field effect transistors. 

5.1 Timing Circuit 

A block diagram of the timing circuit is shown in Figure 5.1 and the result

ing timing waveforms are shown in Figure 5. 2. The clock is a Digital Equipment 

Corporation type M401 gateable clock. The remaining blo~ks are derived from 

Texas Instruments transistor-transistor logic (TTL) integrated circuits as follows:

(1) The two divide by two circuits are derived from a dual J -K master-slave 

flip-flop type number SN7 4 7 3N. 

(11). The eight bit ring counter is derived from two five-bit shift register 

circuits type number SN7496N and supplies the synchronizing (S) and inhibit 

(I), signals. The "S" and T signals are obtained from the gates on a dual four 

input nand buffer type number SN7 44:0N. 

(111) The reset and start block is shown in more detail in Figure 5. 3. This 

figure also shows tha clock inhibit logic. Gates 1 and 2, and the two 

resistors are required to overcome the problem of bouncing contacts of the 

14pushbutton switch. Gates 3 and 4 are used so the clock can be inhibited 

90 
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by the inhibit pulse from the ring counter, or when the reset-start button 

is depressed. A logic "one' delivered to the clock will inhibit it. The 

clear pulse is used to clear the ring counter and the divide by two circuits. 

The preset is used to set the first stage of the ring counter to the "one" 

state. The four gates are on a quadruple two input nand gate circuit type 

number 2N7400N. 

A wiring diagram of the timing circuit is shown iri Figure 5. 4. 

5. 2 The SSC Converter Blo·~k Diagram 

/
The block diagram of the SSC converter is shown in Figure 5. 5. The 

nand gates driving the switches are derived from two dual four input nand buffers 

Texas Instruments type SN7440N. The not. "inhibit" input to the gate driving 

sw~tcb. 1 is necessary, because if the converter is on but not operating switch 3 

will be open and capacitor c2 will eventually discharge. As a result if switch 1 

is on Eref will appear at the amplifier output at -Eref, that is -5V, and be 

applied to the comparator input, since the comparators other input is at +2. 5V a 

differential input of 7. 5V occurs and this exceeds the rating of the comparator. 

It is therefore necessary to isolate Eref from the amplifier input except when a 

conversion is in progress. This is achieved using the "not inhibit" signal. 

The D type flip flop is one of the flip flops on a Texas Instruments type SN7474N 

dual D type edge-triggered flip flop. The seven analog switches use field effect 

transistors (FETs) as their switching elements and are described in detail in 

section 5. 3. The Eref and Eref/2 supplies were designed as shown in section 5. 4. 

The comparator is a Texas Instruments type SN7 2710N comparator and more 
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inforrnation on this nnit is given in section 5. r5. T\VO dHfcrnnt operational 

amplifiers were J.sed and arc de~:cribed in sedionn E>.7 and 5.8. 

The~ value of th;; cornpo~citLS shown in fi~;..JrG 5. 5 t'..rc: 

HV1 :-.:: 200 oh_rns 

R3 :-c' 4. 7I<:. ohms 

The drain charact~:ristics of an n channel junction ~:JI E'r are shown in 


Fig;ure 5. 6. The on reuistance, H is the reeipTocal of i:1Ki slope of the char
011 

, 

acteristic before the saturation knoc. It can be scon from 'he figure that as VGS 

-=----·------ Vc.s =0vloss -

-----------~-----------2v 

,----6v 


0 VDs volts 

Fig. 5 6 

Drain Characteristics of an n Channel TET 
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becomes more negative the on resistance of the FET increases, until at VGS= -VP 

the drain to source current Ins is reduced to zero and the FET is switched off. 

:...vp is known as the pinch-off voltage. Iriss is the ·arain to ·source satUration 

current. 

The simplest FET switch possible together with its associated waveforms is 

shown in Figure 5. 7 The input voltage -EIN is ad. c. value with a possible range 

from 0 to -Emax and is shown in the figtu.,' by a broken line. The ::mtput voltage · 

is equal to -EIN when the switch is on. 

Suppose RON must not vary by more than 2: 1 and as a result -EGS can only 

vary from OV to -Ep. Since -Eas-= -Ea + E1N, the gate voltage to hold the switch 
-r 

on, EGON must not go more positive than -Ep . Let -EGON = -EP ; ErNMAX is then 
2 -

-Ep to prevent forward biasing of the source to gate junction. fha switch is 
2 

turned off when the gate to source voltage, Ea - ErN is more negative than the 

pinch off voltage, -Ep. Therefore for pinch off to occur when -E1N = -EMAX> 

-EaOFF. must be equal to a greater than -(Ep+EMAX). 

It is seen from the above that this type of switch is only good. for in:.:mt voltages 

of less than i2 and even then RON varies by a factor of 2:1. 

A circuit that providesE GS -= 0 for an input voltage within a specified range, 

is shown along with its associated waveforms in Figure 5. 8. When the gate drive 

voltage Ea is positive the diode CRl is reverse biased and the gate assumes the 

same voltage as the source; hence RoN is maintained at its minimum value. 

Application of a negative gate drive voltage forward biases the diode switching it 
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on, therefore the negative gate drive voltage is applied to the gate and the switch is 

turned off. The voltage limits for this circuit are:. 

(1) EIN cannot be more positive than EGON' as this would result in a forward 


bias between the gate and source. 


(11) EIN cannot go more negative than EGOFF-Ep. 


For the SSC converter it was n13cessary to limit the analog input to the range 


0 	to +5V (see section 5.5). 

Therefore from (1) EGON ). 5V (1) 
f 

I 

(2)and from (11) 

where EP is typically -7V 

A circuit had to h.3 designed to generate the voltages given by equations(l) and (2) 

from the integrated circuit logic levels of 0 and 3V. 

A cirouit that can meet these requirements is shown in Figure 5. 9, whe:re 

Q, 

CR1 
+15vCR2 

R3r 

02 
-12v_J+~v_J 	 R2 
-15 

-15v 

Fi'S. 5.9 

The FET Analog; Switc11 
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CR2 is a 15 volt zener diode and Q2 is a high speed switching transistoro When the 

input is at OV the anode of CR 2 is at -15V hence Q2 is held off, therefore its 

'collector is at +15V and the diode CR1 is reverse biased and. the FET Q1 conducts. 

When the input rises to +3V the anode of CR2 rises to -12volts and the transistor 

turns hard on, therefore its collector drops to -15V and forward biases the di ode 

CRi, 	thus switching the FET off. 

Since the FET' is switched on by th ,- 0 • ·• ipolar junction transistor switching 

off, the switches will open more quickly than they close, which is the desired 

switching action as discussed in section 40 4o 

The devices selected for this switching circuit were: 

(I) A Texas Instruments TlS7 3 n channel junction FE T was selected for Q1 

due to its low on resistance of 25 ohms, high saturation current, IDSS' of 

50mamps, and low drain to gate capacitance CDG= 8pF. 

(11) A 2N5028 silicon transistor was selected for Q2 because of its high 

cut off frequency ft = 500MHz and the fact that its collector to emitter 

breakdown voltage VCEO equals the necessary 30 volts. 

(111) A 1N3182 was selected for diode CR1 due to Jts low leakage current of 

2 namps at a reverse voltage of 20 volts o 

(IV) A Philips type BZY88Cl5 zener diode was selected as the 15V zener diode. 

The 	resistance values were calculated as follows: 

Let R3 = 4. 7Kohms 
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Then Ic = 30 = 6.4mA 
4.7 

From 2N 5028 specifications 

= 100hFEmin 

therefore the necessary base current is 

= 6.4 = . 064mA 
100 

Overdrive the base current three times to reduce the turn on time; 

therefore IB = .192mA 

The voltage across R1 and R 2 in Q2' s conductin~ state is 3 volts, the voltage 

across R 2 is O. 7 volts (VCE sat) therefore the voltage across R1 is 2. 3 volts. 

Let bleeder current through R 2 = 0. 3mA 

therefore R2 = O. 7 ~ 2. 2K 
-:s 

Tha current through R1 = 0. 3 + 0.19mA 

= 0.49 mA 

therefore R1 = 2. 3 ~ 4. 7ko~ms 


.49 


5. 3.1 Switching Waveforms 

The analog switch shown in Figure 5. 9 was tested using a 4. 7Kohm resistive 

load and +5v de input. Oscilloscope photographs of the switching waveforms as 

the switch turned on are reproduced. in Figure 5.10. Figure 5.11 shows the wave

forms for the switch turning off. From the figures it can be seen that the switch 

turns off more rapidly (0. 2Jisecs) than it switches on (0. 3p.secs) as required. 
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3v
Gating waveform 

at cathode of CR2 Ov-

I 
1·0 µsec. 

Collector waveform 

-15v

+Sv-

Gate· waveform 

-15v

5v

Drain waveform Ov-

Figure 5.Io 


Waveforms for swit~h turning on. 
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3vGating waveform . 

at cathode of CR2 0v-

I 
0 

+15v

Collector waveform 

-15v

Gate waveform 

-15v

Sv-

Drain waveform 0 v-

Figure 5.11 

Waveforms for switch turning off. 
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5. 4 Reference Supplies 

The 5V reference supply shown in Figure 5.l 2 was designed to meet the 

following specification: 

(1) Required reference voltage +5V ~ rmV 

(11) Load current 0 to 0. 5mA 


(Ill) Input p~wer supply +15V ~ 4% 


(lV) Ambient temperature 25°C 


Ecc 
I 

R1 390!2. 
Ra 220.a 

R2 


330..CL 
 01 

-1 ._ 
___..,, 

CR2 
, 

R4 220n 

Eref:CR1 

Fig;. 5. 12 

5 Volt Reference Sunnlv 



107 

Eref for this circuit varies· from its nomiml value due to changes in Ecc' IL 

and temperature 7.iener diodes CR1 and CR2 are used to stabilize Eref against 

changes in E cc, as follows:

If Ecc changes by t6 Ecc the voltage across CR1 changes by LlEz 1 

.6 Ez1 = ~ Ecc z1 (I) 

Ri+ZI 
where Z1 is the dynamic impedance of CR1. The variation in EB, the voltage at 

the base of transistor QI, is therefore 

(2) 

where Z2 is equal to the sum of th~ dynamic impedance of CR 2 and R 6 ; the 

resistance from the wiper of RV1 to CR 2 . R 5 is the resistance from the wiper of 

Since transistor Q1 is i.n the emitter follower configuration, the change in Ere:f, 

~ E f that occurs due to a change in Ecc of dEcc is &B. LEB is obtained by
re 

combining equations (1) and (2) which yields 

= ( Z2 ) (3) 

(Rz+R5+Z2) 

The emitter follower QI is used to reduce the changes in !J. Ere~ that occur 

due to changes in load current ~IL. 

~ Eref I AE = L'lIL Zo + Liiz Z2 (4) 
Ll Cc = 0 

where Z0 is the dynamic output impedance of the emitter follower, and L\Iz is the 

variation in current through CR2 as a result of the change in load current 4 IL. 

The zener diodes used in the reference sup;>ly are: 

(1) CRI is a Philips BZY94Cl0 400m watt zener diode with a breakdown 
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voltage of lOV at Iz = 5mA, a temperature coefficient Sz = 7mV / 0 c, and 

a dynamic impedance of less than 25 ohms. 

(11) CR2 is a Texas Instruments 1N752 400m watt reference diode with a 

breakdown voltage of 5. 6V at Iz = 20mA, a temperature coafficient Sz = 

+. 006%/0 c and a dynamic impedance of less than 11 ohms. 

Substituting the above information into equation (3) for ~Ecc = 0. 6V (i.e. 

4% of 15V) yields 

.6 Eref ILllL= 0 = 3.0mV (5) 

The dynamic output admittance, Z ~f the 2N5183 used as Q is given by
0 1 

where re is the emitter diode resistance given by 

re ~ 25 = 1.1 ohms 
IEmA 

z2, the dynamic resistance between the base of Q1 a~d ground is 36 ohms and 

hfemin = 70 

therefore = 1.1 + ~ = 1. 61 ohmsZ0 

70 


.L\Eref due to a load current variation of 0. 5mA is calculated using equation (4) 


and yields 

1.lmV (6)L\ E ref \ b.E cc==O = 

The worst case variation L\Eref max due to variations of L1Ecc. and lllL is there

fore from eq~.iations (5) and (6) 

Ll Eref m.ax = 4. lmV 

A similar reference supply was designed to provide the 2. 5V reference. The 
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circuit is shown in Figure 5.13, and meets the specifications 

(1) Reference voltage +2. 5V ±. 5mV 

(11) Loa:l current 0 to 0. lmA 

(111) Input power supply +15V -t:_ 4% 


(lV) Ambient temperature 25°C. 


390.!l 
330.n. 

590.n 

2N5183 

BZY94C10 , ...,____...,. Eref
-2, 

120.n. 
1N4372 

Fi~. 5.13 

2. 5Volt Reference Supply 
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5. 5 	 Comparator 

The comparator used was a Tex_as Instruments SN7 2710N integrated circuit. 

The specification for this comparator is given in the appendix, and it is seen to 

have a maximum input of -':._ 5V and a maximum differential input of ~ 5 volts. The 

comparator requires a power supply of +12V and -6 volts. This supply was derived 

from the :t_ 15V supply using the circuit shown in Figure 5. 14. 

+15v---... 

-15v--_... 
Fig. 5.14 

Comparator Power Supply 

5. 6 	 Calibration Procedure 

The following steps must be followed to calibrate the converter: 

(l) Set Eref to 5. 000 volts 

(11) Set Eref to 2. 500 volts 
,-

(111) 	 Remove the Bipolar.Junction Transistor's (BJT's) from switches 2 and 

5, thus closing switches 2 and 5. 

Connect Ein to OV and adjust the operational amplifier's null potentiometer 

for minimum output voltage. 
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(lV) Increase E in to some voltage less than 2. 5 volts and adjust the gain 

control potentiometer for a gain of two. 

Results Using a p.A741 Operational Amplifier
I 

The specification of the pA741 integrated circuit operational amplifier is 

shown in the append ix , from which it is seen that the amplifier has a slew rate of 

0. 5V/psec, and a short circuit output current of 2.smA. 

The maximum required output current supplied by equation (11) of section 

3.2.l is I 

i(a)max = Vi C(l-e

a
CR) 

= 2.4mA 
a 

this current has to be supplied at a voltage given by equation (14) o:i section 3. 2.1 
a 

- "CR
·v(a) = V1 (a-CR+CRe ) 

-a 
= 4. 9 volts 

Tl}e amplifier is capable of delivering 2. 4mamps at 4. 9 volts.; hence the 

speed of this system is limited by the slew rate and RC time constant. 

The amplifier was calibrated following the procedure of section 5. 6. The 

voltage waveform across Cl was observed with a full scale analog input of 5 volts. 

An acquisition time of 14p.secs was observed; where acquisition time is defined as 

the time taken for the voltage to get within 1% of the input voltage for the last time. 

The accuracy of the SSC converter was measured by slowly increasing the 

ana.log input voltage from 0 volts to 5 volts and recording the levels at which the 

binary output changes. A comparison of the theoretical quantizing limits to the 
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measured limits is shown in table 5.1. The results are obtained with a clock 

frequency of 20KHz. 

Table 5.1 

Converter Quantizing Errors Using a µA 741 Operational Amplifier 

Theoretical Quantizing Measured Error 
quantizing level quantizing 

levels' levels' 
limits limits 
volts volts mV 

0 
0 

0.078 0.076 -2 
1 

0.156 0.157 +l 
2 

0.234 0.234 0 
3 

0. 312 0. 314 +2 
4 

o. 391 0. 391 0 
5 

0.469 0.472 +3 
6 

0.547 0. 551 +4 
7 

0.625 0.630 +5 
8 

0.703 0.707 +4 
9 

o. 781 0.785 +4 
10 

0.859 0.866 +5 
11 

0.937 0.942 +5 
12 

1.016 1. 023 +7 
13 

1.094 1.101 +7 
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1.172 

1. 250 


1. 328 


1. 406 


1. 484 


1. 562 


1. 640 


1. 719 


1. 797 


1. 875 


1. 953 


2. 031 

2.109 

2.188 

2.266 

2.344 

2.422 

2.500 

2.578 

2.656 

2.734 

14 

15 


16 


17 


18 


19 


20 


21 


22 / 


23 


24 


25 


26 


27 


28 


29 


30 


31 


32 


33 


34 


35 


1.181 


1. 255 


1. 332 


1.412 


1.492 


1. 570 


1. 648 


1. 730 


1. 809 


1. 885 


1. 962 


2.0·il 


2.121 


2. 201 


2.277 


2.357 


2.437 


·2. 500 


2.576 

2.656 

2.736 

+9 

+5 

+4 

+6 

+8 

+8 

+8 

+11 

+12 

+10 

+9 

+10 

+12 

+14 

+11 

+13 

+15 

0 

-2 

0 

+2 

+22. 813 2.815 
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2. 891 


2.969 

3.047 

3.125 

3.203 

3. 281 


3.359 

3.438 

3. 516 


3.594 

3.672 

3. 750 


3.828 

3.906 

3.984 

4.063 

4.140 

4. 219 


4.297 

4.375 

4.453 

36 


37 


38 


39 


40 


41 


42 


43 


44 


45 


46 


47 


48 


49 


50 


51 


52 


53 


54 


55 


56 


57 


2.894 

2.973 

3.056 

3.129 

3.208 

3.287 

3.368 

3.446 

3.523 

3.604 

3. 681 


3. 761 


3.834 

3. 914 


3.992 

4. 071 

4.150 

4.228 

4.307 

4.386 

4.463 

+3 

+4 

+9 

+4 

+5 

+6 

+9 

+8 

+7 

+10 

+9 

+11 

+6 

+8 

+8 

+8 

+10 

+9 

+10 

+11 

+10 

4. 531 
 +94.540 
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4.609 

4.688 

4. 766 

4.844 

4.922 

5.000 

58 

59 

60 

61 

62 

63 

4.620 

4.700 

4.777 

4.856 

4.937 

+11 

+12 

+11 

+12 

+15 

It can be seen from the table that the errors are within the range of -2 to +15m 

volts, i.e. within ":t._ O. 3%. An acburacy of this figure indicates that 7 or 8 bits 

rather than 6 can be attainedo 

5.8 Results Using a Philbrick type QFT5 Operatio~al Amplifier 

The specification of the QFT5 is given in the appendix and from this it can 

be seen that the amplifier has a slew rate of 5VIp.sec. 

The maximum output current according to equation (11) of section 3. 2.1 is 

- a
i(a)max = V-1. C(l-e CR) 

a 1 
= 5 x 106 x 4, 700 x 10-12(1-e - .'12) 

= 24mA 

This current has to h3 supplied at a voltage given by equation (14) of section 3. 2.1 

- a 
v(a) = (a - CR+ CRe CF_)v1 

a 
= 4. 4 volts 

The amplifier is capable of meeting these requirements, but it was observed that 

the acquisition time was reduced if a current booster (Analog Dev ices type BlOO) 
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was used as shown in Figare 5.150 
v' 

RV1 

R, 


/ 

Fig. 5.15 


Operation Amplifier w.ith a Current Booster 


The specification of the cu:-crent booster is g1.ven inthe appendix. . This redu·J

tion in acqllisition time is illustrated in Figure 5.16, wh~ch shows the waveform 

across-c1 fo:L a 5 volt input. In (a) the cu:-cre!lt h~oster is not used and in (b) the 

current booster is usarl. This tmpr.:>·.rement results largely from a reduction in 

the time :~eq•lired to recover from the 0versh:>0t. The acquisitiotl time from {b) 

is approximately 3. 5p.sec. 

The ring counter was ~xtended by two stages; thus obtaining an 8 bit con

verter. This utilizes the accuracy of the corrrnrter- more afficiently. 

The converter was calibrated in accorJance with section 5o 6, and the 

results recorded in tab~e 5. 2 wera obtatned, with a clock frequency of 200kHz. 
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Ov-

I 
0 1 2 3 5 µsec.

(a) 

Waveform without the current booster 

5v

(b) 

Waveform with the current booster 

FJg. 5.16 


Waveforms across c1 with a 5 volt input 
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Table 5. 2 . 


Converter Quantizing Errors Using a QFTS Operational Amplifier 


Theoretical 
quantizing 

levels' 
limits 
volts 

0 
0078 

.156 

. 234 


Quantizing · 
level 

4 

8 

12 


Measured 
quantizing 

levels' 
limits 
volts 

.075 


.155 


.231 


Error 

mV 

-3 
-1 
-3 

• 313 

0 391 

0469 

. 547 

. 625 

.703 

• 781 

0 859 

0 938 

L 016 

L034 

1.172 

L 250 

1. 328 

1.406 
1.484 
1. 563 

1.640 
1. 719 

1.797 
1.875 
1. 953 

2. 031 

2o 109 

2o 188 

20265 

2.344 
2.422 
2.500 
2. 578 

2.653 

16 

20 

24 

28 

32 

36 

40 

44 

48 

52 

56 

60 

64 

68 

72 

76 

80 

84 

88 

92 

96 

100 

104 

103 

112 

116 

120 

124 

128 

132 

136 


• 307 

.400 

.470 

.542 

.623 

.696 

.776 

.853 

.936 

1.013 
1. 038 
1.169 
1. 246 

1.318 
1. 396 

1. 476 

1. 55r[ 

1. 632 

1. 711 

1. 790 

1. 870 

1. 947 

2.022 
2.100 
2.184 
2.258 
2.336 
2. 417 

2.494 
2.568 
2.646 

-6 
+9 
+l 
-5 
-2 
-7 
-5 
-6 
-2 
-3 
-6 
-3 
-4 
-10 
-10 
-8 
-6 
-8 
-8 
-7 
-5 
-6 
-9 
-9 
-4 
-8 
-8 
-5 
-6 
-10 
-10 
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2.734 
2. 813 
2.891 
2.969 
3.047 
3.123 
3.203 
3o 281 
3.359 
3.438 
3. 516 
3.594 
3. 672 
3.750 
3.828 
3.906 
3.984 
4.063 
4.140 
4. 219 
4.297 
4.375 
4.453 
4. 531 
4.609 
4.688 
4.766 
4. 3,14 
4.922 
5.000 

140 
144 
14:1 
152 
156 
160 
164 
168 
172 
176 
180 
184 

l188 
192 i· 

I' 

196 
20J 
204 
208 
212 
216 
220 
224: 
228 
232 
236 
240 
244 
248 
252 

2. 72'3 
2.808 
2.887 
2. 962 
3.043 
3.122 
3.198 
3.275 
3.354 
3.436 
3. 510 
3.588 
3.665 
3. 750 
3.827 
3.903 
3.982 
4.058 
4.130 
4. 210 
4. 291 
4. 371 
4. 3.33 
4.525 
4.602 
4.680 
4.760 
4. 841 
4.915 

-8 
-5 
-4 
-7 
-4 
-3 
-5 
-6 
-4 
-2 
-6 
-6 
-7 
0 
-1 
-3 
-2 
-5 
-10 
-9 
-6 
-4 
-5 
-6 
-7 
-8 
-6 
-3 
-7 

The system swaches a: tho :required voltazes within 11:. lOmv, that is, the system 

has an accuracy of± O. 2%. 

Figure 5.17 (a) is an oscillos~o1Je photograph of the 0perational amp~ifie:rs 

out.put waveform for an analog input of 2 volts. Figures 5.17 (b) and (c) show tho 

waveforms across capacitors c1 and C 2· It can be se-e~ that the er::rors, dis

cussed in- section 5. 4, due to switchc~> dosi.ng before otttors ·:>pen have been 

el iminat .3d.. It can al SD be si:rnn that tho ?:)Hage across :h8 capacitors has not been 

ap~wec'.ably effect(d by the ·lnput capacitance of tho ')pe~"'.'ational am:Jltfier. 
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4v
3v

2v
1v
Ov

3v
2v-·
1v
Ov

2v
1v
Ov-

I I
0 ·1 -~ ·3 •4 

Operational Ain~\ifiers Output 

(b) 

Voltage Across C1 

(c) 

Fig~ 5.17 

Converter Waveforms for 2V Input 

I 
·5 msec. 
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The clock frequencv was increased and the converter operated up to a clock 

frequencv of 350kHz. Figure 5 .18( a) shows the amplifier's output at 300kHz for 

an input of 3 volts. The figure shows that the acquisition time is longest for the 

first clock pulse; hence if this first sample period could be increased the con

version rate could also be increased. This increased sample time was achieved bv 

using the C/2 pulse to advance the ring counter, and bv decreasing the number of 

stages in the ring counter from ten to six. Tliis results in the timing diagram 

shown in Figure 5.19. With this timing arrangement the converter operated up to 

a clock frequencv of 700kHz. Figure 5.18(h) shows the waveform with a 500kl-Iz 
' 

clock frequencv for a 3 volt input. 

A photograph of the SSC converter is shown in Figure 5. 20. 

fi. 7 Converter Component Cost 

A list of components and their prices is shown in table 5. 3. Tl-ie tal:_)le shows 

that the total compo:i.ent cost is only $131. 33 and that the two most expensive items 

are the current booster and the operational amplifier. It should be noted that this 

price does not include the clock. 

5. 8 Conclusions 

An eight bit SSC converter with an accuracy of + 0. 2% and a conversion time 

of l6µsec has been built for a component cost of less than $132. In production this 

cost could probablv be reduced, especially as the converter appears suitable for 

fahrication as a large scale integration circuit. The cost of this converter compares

favourablv to other types of converters with similar specifications. 

An SSC converter with higher accuracy and speed could be built usin~: 
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4v 

Ov 

(a) 

Waveform at 300kHz Clock Frequency 

Ov

(b) . 

··Waveform at 500kHz Clock ~requency 

Fig. 5.18 

Waveforms at the Operational Amplifier's Output 
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Table 5. 3 

Converter Component Cost 

Component 
type 

Number 
Required 

Price Per 
Item$ 

Price$ 

.5W resistor 1 0.35 o. 35 
l/2W resistor 41 o. 016 0.66 
1% resistor 2 0.50 1. 00 
multiturn 
potentiometer 4 2. 31 9. 24 
50pF cap. 7 o. 20 1. 40 
4, 700pF cap. 2 

.. o. 20 .40 
1N3182 7 0.82 5.74 
1N43'72 1 1.44 1. 44 
1N752 2 1. 20 2.40 
BZY88Cl5 7 0.83 5. 81 
BZY94Cl0 2 Oo83 1. 66 
BZY94Cl2 1 0.83 .83 
BZY88C5V6 1 0.75 .75 
BZY88C5Vl 1 0.75 .75 
2N5183 2 0.25 0.50 
2N5028 7 0.90 3.60 
TlS73 7 1. 91 13.37 
QFT5 1 20.00 20.00 
BlOO I 30.00 30.00 
SN7440N 3 1.45 4.35 
SN7473N 1 3.64 3.64 
SN7496N 2 6.68 13.36 
SN7400N 1 1. 26 1. 26 
SN7474N I 2.52 2.52 
SN72710N 1 4.80 4.80 
Pushbutton 
switch 1 1. 50 1. 50 

Total $131. 33 
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(1) A more accurate comparator 

(11) More stable reference voltages 

(111) Switching FET' s with lower on resistance 

(lV) An operational amplifier with a higher slew rate 

The major advantages of the SSC converter are: 

(1) High performance to cost ratio 

(11) Inherent sample and hold function 

(111) 	 Suitability for L. S. I. 

(lV) High input impedance
I 

(V) Little additional cost is involved to increase the number of bits. 

The above advantages indicate that the SSC co~verter has a very promising 

future indeed, and that further research should be carried out in this field. 



APPENDIX 


GI:;-\ERAL DESCRIPTION 

~cNEXUS - type Qi"T-5 is a n .. w low ClJSt genPral purpo,_;c 
0;1crdtion..il amplifier fcaturin~ field t.•fft.'Ct tr,rnsistor 
in;iuts. This unit is constructed of silic<'n S•'micon
ductclrS anJ other selected parts tel insurt> rdi.,blc c1p
eration ewer the temperature ran,;c of -25°C to •85°C. 

10 10The QFT-5 typically yrovides ohms Jiffer,·ntial 
and common mode input impcdJnces, and less tl..-in lnA 
input bias current at 25° C. 

PROTECTION 

The input circuitry of this amplifier is fully ;irotected 
a~ainst dama~e due to accidental connection of the in
put terminals across the power sup,,ly. The output 
circuitry is also pn1tected against short term shurt 
circuits to ground and to either power supply terminal 
at 25°C. 

APPLICATIONS 

The QFT-5 operational dmplifier can be useJ in d wide 
Vdriety of in,1ustri.al and medic.:il .ipplic<1ti,1ns wiwre 
cost is an important factor. For detailed .:ipplica t j,1ns 
assistance contact the •::•NEXUS~ Applications Enhi
neering Department. 

ABSOLUTE MAXIMUM RATINGS* 

Stclrage Tcmperdture 
Oiwratinr, Temperature 

-55° C to +loo• C 
-2s·c to -18s 0 c 

Supply Vol t,1ge ±18 Volts 
Common !\lode Input Voltage ±18 v,l\ts 
Differential Input Voltage ±30 Volts 

*Absolute M.tximum Rntin;.:s corn'spond to the maximum 
r,trt'sSt's to which the amrlifi<>r can be subjected without 
:>Crmancnt dan'ldgc. Conf"rrnance to the electrical speci
fications under these conditions is not l!uaranteeJ. 

, ...----~ PtiJU;:{ICK/r"EXUS RESEARCH 

V A TELEDYNE COMPANY 

QrT-~ 


rIELD I~rn:cT TR.A:'\SiSTOH Ii':PUT 


OPLHATIONAL Ai"viPLIFIER 


SPI:ClAL F.I:ATURES 

· 0 1 lOV@ ~SmA GUARANTEI:D MINIMUM OUTPUT 

0 HIGH INPUT IMPEDANCES - TYPICALLY 

1010 
;-: DIFFERENTIAL Al'.'D COMMON MODE 

0 	 100, 000 TYPICAL DC GAIN WITH FULL RATED 
LOAD 

GOOD SLEWING RATE - SV/jJ.s MINIMUM 

--:-....' 

PACKAGE OlJTLiNE AND 

BASE CONNECTION DIAGRAM 


~.·: g:_:, s~~:;"9 ~;·;s ~~::i=r r::~~' 
Qfl 040 I )0 13 1;$1(·f 

PtillBRICK/N£XUS RESCARCli A HUDYNE COMPANY 
Allied Drive at Route 128 Dedholm, Massachusetts 02026 (617) 329-1600 
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NEXUS 

[lcctr;ical specif icat i,ms 

CJ!,\H:\1 ..lTHJSTICS 

U<;able Vol td;:e Hange 


Us.lble Voltage R.lnge 


Mdximum Current ,u' rull Output Voitage 


Short Cir~·uit to Ground (Short Term) 


COMM0:-.1 MODE 

Rejccti,>n Rdtio '"de 

Usable Input Voltage Range 

OPEN LOOP GAIN 

FREQUENCY RESPONSE 

Small Signal• Unity Gain Inverter 

Maximum Frequency for Full Output ' ' 
Slewing Rate, Full Load 

Capacitive Loading w/out Causing Instability 

Gain Margin 

Phase Margin 

RECOVERY TIME FROM OVERDRIVE 

SETTLING TIME (to O. 1% of final value) 

INPUT VOLTAGE OFFSET 

Temperature Coefficient 

vs. Power Supply 

vs. Common Mode 

EXTERNAL OFFSET VOLTAGE TRIM POTENTIOMETER 

INPUT BIAS CURRENT 3 

Either Input ([.' 25" C 

Temperature Coefficient 

vs. Power Supply 

vs. Common Mode 

INPUT DIFFERENCE CURRENT 

WIDEBAND INPUT NOISE VOLTAGE 

INPUT IMPEDANCE 

Differential 

Common Mode 

OUTPUT IMPEDANCE 

Open Loop 

POWER REQUIREME:-JTS 

Current, Quiescent 

Current, Full Output 

TYPE QFT5 

,,; 2s· C and 1 lS volt supply unl«>s.~ noted 

SYMUOL ·TYPICAL GUARANTEED 

1 l2V (Min.) 

tllV tlOV(:'.hn.) 

:tS. 5mA JSmA {Min.) 

120mA (Max.) 

CMRR 72dB 60dB (~lin.) 

E t6V (Min.)cm 

A 150, 000 75, 000 (Min.)
0 

A 100, 000 50. ooo I Min.)
0 

2. OM!lz 1. 7MHz (Min.) 

lOOk!lz (Min.) 

S. ':>V/µs SV/µ..c, (Min.) 

no I imit(µf) 

12dB {Min.) 

60° (Min.) 

125µs. (11.1.lx.) 

T lOus s 

TCE SOµV /' C 300µV. • C (M,1x.)
OS 

80t1µV!V {Max.) 

800µV "If (Max.) 

R 
JS 

lnA 1M.r1C.. l1bias · 

TClbias 0. foA"C (Max.) 

50pA 1V {:\lax. ) 

lllOp1\,'V (Max.) 

500pA ( l\laJ<. ) 

JOµVrms SOµVrms {Max. ) 

1010'.--; 10"1.(Min..) 

10lc;;: 109 ,"";(Min.) 

z s. 000.-.. 10, ooo;: (Mn. ) 
0 

lOmA (11.l.i>o.) 

lSmA (M.tJo;.) 

TEST CONDITIONS 

RL!.= tokrf 

RLL= 2k::1 
1

RLL= 2k0

RLL = short 

E = :tSV 
0 

1
RLL = IOkr.


RLL= 2k;; (Full L~d) 1 


R( IO!ul; Rf= lOk.O 


Ri= IOkl.; Rf= lOkO; RLL= 2k0 1 


R( IOk.D; Rf= lOkr. 


R( lOkG; Rf= 10lu1 


Ri= lOkD; Rf= 10k'1 


Ri= lOkr.; Rf= lOkO 


Rj° IOk::; Rf= w; Ein=±JV 

R( lOk"; Rf= lOkfl; Ein=±lOV 

-25' C to +85" C 

:tl4V < V < :tl6V 
cc 

E = ±6V cm 

Rtest = IMr. 

-2s•c to +ss·c 
:t 14V < V < ±16V 

cc 
E = :t6V 

cm 

Test Frequency= de 

Test Frequency = de 

. . 
Test frequency= lOHz 

(1) RLL is the parallel comhination of feedback resistor Rf and <'XtC"rnal load resistance R •.
1 

(2) Input Hi..1s Current (lhj,, } was forrn.erly called Input Offset Currrnt (1 s). Th<' chanl!e in terminology is for th<' pu'l'ose 
,of conformin;: to recl'n(

5 
(but unoff1c1al) convcnt10tl41! us.t~e. 

0 

Right ,.,.,.,.d to change apeclflcotlont ..11t.ov1 notic.e. PllNl[D IN U.S.A. 

http:tlOV(:'.hn
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FAIRCHILD LINEAR INTEGRATED CIRCUITS µ.A741C 


ff.ATURES: 
• NO FREQUENCY COMPENSATION REQUIRED 
• SHORT-CIRCUIT PROTECTION 
• OFFSET VOLTAGE NULL CAPABILITY 
• LARGE COMMON-MODE ANO DIFFERENTIAL VOLTAGE RANGES 
• LOW POWER CONSUMPTION 
• NO LATCH UP 

GENERAL DESCRIPTION - The µA741C is a high performance monolithic operational amplifier constructed on 
a single silicon chip, using the Fairchild Planar• epitaxial process. It is intended for a wide range of analog 
applications. High common mode voltage range and absence of "latch-up" tendencies make the µA741C ideal 
for use as a voltage follower. The high gain and wide range of operating voltages provide superior perform
ance in integrator, summing amplifier, and general feedback applications. The µA741C is short-circuit pro· 
tected, has the same pin configuration as the popular µA709C operational amplifier, but requires no external 
components for frequency compensation. The internal 6dB/octave roll-off insures stability in closed loop 
applications. For full temperature range operation (-55°C to +125°C) see µA741 data sheet. 

ABSOLUTE MAXIMUM RATINGS 
Supply Voltage ±18V 
Internal Power Dissipation (Note 1) 500mW 
Differential Input Voltage ±30V 
Input Voltage (Note 2) ±15V 
Voltage between Offset Null and V ±0.5 v 
Storage Temperature Range -65°C to +1so°C 
Operating Temperature Range 0°C to +70°C 
lead Temperature (Soldering, 60 sec) Joo 0 c 
Output Short-Circuit Duration (Note 3) Indefinite 

EQUIVALENT CIRCUIT CONNECTION DIAGRAMS 

1TM VllW\ 

llC 

llC 

OHS£T 
'*-Ill 

llOIHllV(~TlllG 
lllPUT 

llC 

llC 

NOTES: 
(l) R1t1n11 1ppl1es !or 1mb1ent temperatures to t 70°C. 

\2) for supply vollar;e\ le~s then ± 15 V. the absolute muimum input voit111e is eriual to the supply voltage. 


(3) Short circuit may~ ~o ground or either \upply. 



-------------- ---------- ----- -------------~- .. ----

FAIRCHILD LINEAR INTEGRATED CIRCUITS µA741Cl I 

ELECTRICAL CHARACTERISTICS CVs = ± 15 V, TA= 2s 0 c' unless otherwise specified) 

PARAMETERS (see definitions) CONDfflONS MIN. TYP. MAX. UNITS 

Input Offset Voltage Rs::::; 10 kn 2.0 6.0 mV 

Input Offset Current 20 200 nA 

Input Bias Current 80 500 nA 

Input Resistance 0.3 2.0 Mn 
Input Capacitance 1.4 pf 

Offset Voltage Adjustment Range ±15 mV 

Input Voltage Range ±12 ±13 v 
Common Mode Rejection Ratio Rs ::::; 10 kn 70 '-..._ 90 dB 

Supply Voltage Rejection Ratio Rs ::::; 10 kn 30 150 µV/V 

Large-Signal Voltage Gain RL ~ 2 kn,· V01Jt = ± 10 V 20,000 200,000 
Output Voltage Swing RL ~ 10 kn ±12 ±14 v 

RL ~ 2 kn ±10 ±13 v 
Output Resistance 75 n 
Output Short-Circuit Current 25 mA 

Supply Current 1.7 2.8 mA 

Power Consumption 50 85 mW 

f tsthl@nt ff Hl'1etrt§o (lmlty 11in) V;,, • 20 rnV, RL • 2kn, Ci. ~ 100 PF 
Risetime 0.3 µS 

Overshoot 5.0 % 
Slew Rate Rt~ 2 kn 0.5 V/µS 

The following specifications apply for 0°C :5 TA :5 +70°C: 

Input Offset Voltage 7.5 mV 

Input Offset Current 300 nA 

Input Bias Current 800 nA 

large·Signal Voltage Gain RL ~ 2 kn, V01Jt = ± 10 V 15,000 
Output Voltage Swing RL ~ 2 kn ±10 ±13 v 

I !--' 
Vo:> 
0 



---------

131 

.• 

ANALOG DEVICES 
MODEL 100 

CURRENT BOOSTER 

...~------ 1.12 --~.... 

T 
.92 

.200 MIN t--.60 -.f 

' -.f r--.040 

.160...J 

+ IS V O -+------------f COM O -+----------
115 ----ONC 
• -ISV O -+--------

OIN(+) 
0_____o_un+> o 

NC 0 -+----...-ill 
£L£CTRICAL SPECIFICATION 

L GAIN: 0.9Y/v MIN. 50 M.A. LOAD, 0.85 v/v MIN. 100 M.A. LOAD. 
2. OUTPUT VOLTAGE: ± 10 V MIN. 
3. OUTPUT CURRENT: :t 100 M.A. 
4. FREQUENCY FOR FULL OUTPUT: IMC. MIN. 
5. INPUT VOLTAGE OFFSET: 25 •c, 200 M.V. MAX. 
a. AVERAGE VOLTAGE DRIFT (-25•c TO +a5•c): 2.5 MV/•C 

l INPUT CURRENT OFFSET 25 •c: 500 µA MAX. 

& INPUT IMPEDANCE: 9K MIN. 

9. POWER SUPPLY REQUIRED:± ( 15 TO 16V) AT 100 M.A. 

10. TEMPERATURE RANGE: - 25 ·c TO 95•c. 
11. TEMPERATURE RANGE. STORAGE: - 55•c TO es•c. 
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TYPES SN72 710, SN72 710L, SN72 710N 
DIFFERENTIAL COMPARATORS 

absolute maximum ratings 
Supply Voltages (See Note 1): Vcc1 	 14 v 

-7 vVcC2 

Differential Input Voltage (See Note 2) ±5 v 
Input Voltage (Either Input, See Note 1). ±7 v 
Peak OJtput Current JO mA 
Continuous Total Power Dissipation: SN72 710 and SN72 710l 200mW 

SN72 710N 300mW 

Operating Free-Air Temperature Range • o•c to 70°( 

Storage Temperature Range: SN72 710 and SN72 710L -65°C to 150°C 
SN72 710N 	 • -55°C to 150°C 

NOTES: 	 1. These voltage values ore with respect to network grr,•'1'1. 

2, These voltage vo(ues ore with respect to the other ir·:: ". 

eiectrical characteristics (unless otherwise noted VCCI = L \ VCC2 = -6 V, TA"' 25°C) 

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT 

VDI Differential-input offset voltage R5 s: 200 0, TA= 0°Cto 700C 10 mV 

vout == 1. 4 v I Rs s: 200 a 2 7.5 mV 

0 
VDI 

· Differential-input offset voltage 
temperature coefficienf (See Note 7) 

TA = 0° C to 70° C 7.5 1-1V/deg 

1
DI 

Differential-input offset current 
(See Note 7) 

TA = 0°C to 70°C 25 1-1A 

v == 1.4 v 
out 1 15 f.'A 

I. 
In 

Input current TA= 0°C to 70°C 150 1-1A 

25 100 µA 

v. 
•r:i 

Maximum input voltage range (See Note 1) VCC2 = -7 V ±5 v 

Vin D 
Differential-input voltage range 
(See Note 2) 

±5 v 

Ay Voltag~ gain ~ = 0°C to 70°C 500 

. 700 1200 

.Vout(l} Logical 1 level output voltage Vin D ~ 15 mV, llood s: -0.5 mA 2.5 3.5 4 v 

v
out(O) 

Logical 0 level output voltage Vin D :i 15 mV, 1sink s: 1. 6 1!l11A -1 -0.5 0 v 

r 
out 

Output resistance 200 n 

PT Total power dinipation 110 mW 

NOTE: 7. 	 Specified for the following output voltage levels: when TA= 0°C Vout =1.5 V, when TA= 25°C Vout = 1.4 V, and when 
TA= 70°( Vout = 1.2 V. These output voltage levels were selected as they lf.mill1 within the logic threshold voltage ranges 
normally found in digital integrated logic circuits. 

switching characteristics, V CCl = 12 v,_ VCC2 = -6 V, TA ., 25°C 

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT 

Response time (See Note 6) V. =100 mV 
in 

40 ns 

NOTE: 6. 	 The interval of time between application of a 100 mV input step function and if.he. time when the output crosses the logic 
threshold voltage. For testing purposes, conditions are established at the diHerrfltial-input terminals whereby an input step 
function from 100 mV to 0 will cause the output voltage to rise just to the sel.e-df.d threshold voltage of 1.4 V. Conditions 
on the input used as a refNence are then adju!ted lo cause the 100 mV input 14d'rive 5 mV beyond the previously established 
conditions and the response time is measured. 
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500 Cl 

1.1"'1 

NONINVERTING o--+-----t 
INPUT 

INVUTING 
INPUT 

100 Cl 

.• 

TEXAS INSTRUMENTS 
INCORPORATED 

SEMICONDUCTOR-COMPONENTS DIVISION 
POST OfFICE aox :5012 • DALLAS 22, TEXAS 

llJG&11D GllllCV:Wll!P® TYPES SNS2 710, SNS2 710l, SHS2 710N, 
SEMICONDUCTOR NETWORKSt SN72 710, SN72 710L, SN72 710N 

DIFFER~NTIAL COfJiPARATORS 
DIFFERENTIAL VOLTAGE COMPARATORS 


featuring 

•Fast R~sponse Times •Low Offset Characteristics 


description 

The SN52 710 circuit is a high-speed comparator 

wit~differentialinpuUand a low impedance output. 

Component matching, inherent with si I icon mono
1ithic circuit fabrication techniques, produces a 

comparator circuit with low drift and offset charac

teristics. This circuit is particularly attractive for 

applications requiring an amplitude discriminator, 

memory sense amplifier, or a high-speed voltage 

comparator. The SN52 710, SN52 710L ond SN52 

710N are characterized for operation over the tem

perature range of -55°( to 125°(. The SN72 710, 

SN72 710L and SN72 710N ore characterized for 
operation from 0°( to 70°(. OUTPUT 

Texas Instruments Series52/72catalog lines of linear 

integr~ted circuits offer higher rel iabi I ity, lower 

cost, small.er size, and less weight than equivalent 

discrete component circuits. 

L-----~--o Vcc2 
Component value1 .a.own an nominal 

SC HEMATIC DIAGRAM 

TERMINAL ASSIGNMENTS 

SN52 710 AND SN72 710 SN52 710L AND SN72 710l SN52 710N AND SN72 710N 
lOP V!tr 

NC NC ~ NC OUTPUT

®© CD CD © 

NC - No internal connection. 

i l'or.,nred by Te•O• Instruments 

p;q @ i'.i in f'lectri.:.:oi (.i.>nfu(.f with CO'Sr.t:'". 

NC '\~,;"..c ~C OUTP~T >\C 

\C GNO ~()\ l~V~RTl\G ~[- Vccz ~c 
INVERft~G l~PUT 

1'-!PtJI 

SC 10320 
JULY 1967 

REPLACES SC9421A FEBRUARY 1967 

http:small.er
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